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IƌoŶ iŶ Đoastal aŶd sea ǁateƌ is ƌeadilǇ Đoŵpleǆed ǁith oƌgaŶiĐ ŵatteƌ ;ligaŶdsͿ ĐausiŶg the 
foƌŵatioŶ of diffeƌeŶt speĐies of iƌoŶ, ǁhiĐh affeĐts its ďiogeoĐheŵistƌǇ. Foƌ this ƌeasoŶ it is of iŶteƌest 
to deteƌŵiŶe iƌoŶ speĐiatioŶ iŶ additioŶ to its ĐoŶĐeŶtƌatioŶ. The ĐheŵiĐal speĐiatioŶ of iƌoŶ iŶ Đoastal 
aŶd sea ǁateƌ is tǇpiĐallǇ deteƌŵiŶed ďǇ ĐathodiĐ stƌippiŶg ǀoltaŵŵetƌǇ ;CSVͿ, ŵakiŶg use of ligaŶd 
ĐoŵpetitioŶ ďetǁeeŶ aŶ eleĐtƌoaĐtiǀe ligaŶd added to oďtaiŶ the CSV sigŶal aŶd the Ŷatuƌal ligaŶd to 
deteƌŵiŶe the Đoŵpleǆ staďilitǇ of the Ŷatuƌal speĐies. This thesis aiŵs to ideŶtifǇ the ŵaiŶ ligaŶd 
ƌespoŶsiďle foƌ ďiŶdiŶg iƌoŶ. Theƌeto, I fiƌst set out to iŵpƌoǀe the eǆistiŶg ŵethod of iƌoŶ speĐiatioŶ iŶ 
seaǁateƌ usiŶg saliĐǇlaldoǆiŵe ;SAͿ ;as aŶ added ĐoŵpetiŶg ligaŶdͿ aŶd suďseƋueŶtlǇ used this 
ŵethod to deteƌŵiŶe the Đoŵpleǆ staďilitǇ aŶd ĐoŶĐeŶtƌatioŶ of the uŶkŶoǁŶ Fe-ďiŶdiŶg ligaŶds. 
UsiŶg aŶotheƌ CSV ŵethod the ĐoŶĐeŶtƌatioŶ of huŵiĐ suďstaŶĐes ;HSͿ ǁas deteƌŵiŶed iŶ saŵples 
fƌoŵ estuaƌiŶe, Đoastal, shelf aŶd oĐeaŶ oƌigiŶ. PaƌtiĐulaƌ atteŶtioŶ ǁas giǀeŶ iŶ this disseƌtatioŶ to 
the ĐoŵpaƌisoŶ ďetǁeeŶ huŵiĐ suďstaŶĐes aŶd Ŷatuƌal Fe-ďiŶdiŶg ligaŶds iŶ all saŵples. 
The iŵpƌoǀed SA ŵethod has a ŵuĐh ďetteƌ seŶsitiǀitǇ due to tǁo effeĐts: ϭͿ the use of dissolǀed 
oǆǇgeŶ ;DOͿ as aŶ oǆidaŶt ǁas fouŶd to giǀe a ĐatalǇtiĐ effeĐt; this iŵpƌoǀed the seŶsitiǀitǇ gƌeatlǇ, 
aŶd also staďilized the pH. ϮͿ the aŶalǇtiĐal ĐoŶditioŶs of usiŶg SA ǁeƌe ƌe-optiŵised aŶd ďest 
seŶsitiǀitǇ is Ŷoǁ oďtaiŶed at ϱ µM SA ;~ϱ ǆ less thaŶ the pƌe-eǆistiŶg ŵethodͿ. IŶteƌpƌetatioŶ of the 
eǆpeƌiŵeŶts shoǁed that the Đoŵpleǆ ƌespoŶsiďle foƌ adsoƌptioŶ oŶ the ŵeƌĐuƌǇ dƌop eleĐtƌode is 
FeSA, ǁheƌeas the FeSAϮ speĐies does Ŷot adsoƌď. The Đoŵpleǆ staďilitǇ foƌ Đoŵpleǆes of Fe ǁith SA 
;FeSA aŶd FeSAϮͿ, iŶ pH ϴ seaǁateƌ, ǁeƌe Đaliďƌated oǀeƌ a ƌaŶge of SA ĐoŶĐeŶtƌatioŶs aŶd saliŶities. 
The siŵilaƌitǇ of the staďilitǇ ĐoŶstaŶts ;log K’Fe’SA aŶd log B’Fe’SAϮͿ deteƌŵiŶed ǀia ĐaliďƌatioŶ agaiŶst 
EDTA to those Đaliďƌated ǁithout EDTA shoǁs that the speĐiatioŶ of Fe ǁith SA aŶd EDTA is ǁell 
uŶdeƌstood. The iŵpƌoǀed ŵethod is applied to a ŵiǆed depth CeltiĐ Sea saŵple, aŶd tǁo GEOTRACES 
saŵples fƌoŵ the AtlaŶtiĐ, at a SA ĐoŶĐeŶtƌatioŶ of ϱ µM. LigaŶd ĐoŶĐeŶtƌatioŶs ǁeƌe ϭ.ϰϳ aŶd ϭ.ϰϵ 
ŶM iŶ the GEOTRACES ǁateƌ ;log K’Fe’L ǀalues of ϭϭ.ϭ aŶd ϭϭ.ϵͿ aŶd Ϯ.ϱϯ ŶM iŶ the CeltiĐ Sea ǁateƌ 
;log K’Fe’L =ϭϭ.ϱͿ. AppliĐatioŶ of the ŵethod to ligaŶds added to seaǁateƌ gaǀe log K’Fe’L ǀalues of ϭϭ.ϲ 
 Ϭ.ϭ foƌ huŵiĐ aĐid ;SuǁaŶŶee RiǀeƌͿ aŶd ϭϮ.Ϯ Ϭ.ϯ foƌ a sideƌophoƌe ;desfeƌƌioǆaŵiŶe BͿ. 
The iŵpƌoǀed SA ŵethod ǁas also applied to saŵples fƌoŵ the MeƌseǇ estuaƌǇ aŶd Liǀeƌpool 
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BaǇ ;saliŶitǇ ďetǁeeŶ ϭϵ aŶd ϯϮͿ. The ĐoŶĐeŶtƌatioŶ of uŶkŶoǁŶ Fe-ďiŶdiŶg ligaŶds ǁas ǀiƌtuallǇ the 
saŵe as that of Fe-ďiŶdiŶg huŵiĐs aŶd ďoth aƌe gƌeateƌ thaŶ [Fe] iŶ all saŵples, iŶdiĐatiŶg that theƌe 
ǁas aŶ eǆĐess of the ligaŶd ĐoŶĐeŶtƌatioŶ aŶd that alŵost the eŶtiƌe ligaŶd ĐoŶĐeŶtƌatioŶ ;ϵϱ%Ϳ Đould 
ďe asĐƌiďed to huŵiĐ suďstaŶĐes. The aǀeƌage Đoŵpleǆ staďilitǇ ;log K’Fe’LͿ ǁas ϭϭ.Ϯ  Ϭ.ϭ, the saŵe as 
foƌ the iƌoŶ-huŵiĐ speĐies ;log K’Fe’-SRHAͿ. Coppeƌ additioŶs deŵoŶstƌated ĐoŵpetitioŶ ďetǁeeŶ Cu aŶd 
Fe foƌ the Ŷatuƌal ligaŶds.  
Multiple aŶalǇtiĐal ǁiŶdoǁs ;MAWsͿ ǁeƌe used to deteƌŵiŶe the iƌoŶ speĐiatioŶ iŶ the MeƌseǇ 
estuaƌǇ ďǇ ǀaƌǇiŶg the ĐoŶĐeŶtƌatioŶ of saliĐǇlaldoǆiŵe ;SAͿ. Data fittiŶg of the iŶdiǀidual titƌatioŶs 
ǁas Đoŵpaƌed to fittiŶg of all data siŵultaŶeouslǇ ;MAW fittiŶgͿ giǀiŶg good agƌeeŵeŶt. IŶdiǀidual 
titƌatioŶ fittiŶg as ǁell as the MAW fittiŶg deŵoŶstƌated the pƌeseŶĐe of oŶlǇ oŶe ligaŶd Đlass iŶ all 
saŵples ;ǁhiĐh ǁas ideŶtified as huŵiĐ suďstaŶĐe iŶ the pƌeǀious ǁoƌkͿ. MeasuƌeŵeŶt of the 
ĐoŵpositioŶ of dissolǀed oƌgaŶiĐ ĐaƌďoŶ ;DOCͿ iŶdiĐates the pƌeseŶĐe of teƌƌestƌial as ǁell as 
ŵiĐƌoďial souƌĐes of oƌgaŶiĐ ŵatteƌ iŶ the estuaƌǇ. The fƌaĐtioŶ of HS iŶ the DOC aŵouŶted to 
ďetǁeeŶ ϰϳ aŶd Ϯϱ % ďetǁeeŶ saliŶities of ϭϵ aŶd ϯϭ. 
AppliĐatioŶ of the iŵpƌoǀed ŵethod to saŵples fƌoŵ the shelf aŶd the AtlaŶtiĐ oĐeaŶ ;ǀeƌtiĐal 
pƌofileͿ shoǁs that the Fe-ďiŶdiŶg ligaŶds ĐoŶĐeŶtƌatioŶ is gƌeateƌ thaŶ Fe ĐoŶĐeŶtƌatioŶ iŶ all shelf 
aŶd oĐeaŶ saŵples. The Đoŵpleǆ staďilitǇ of the Fe speĐies iŶ the AtlaŶtiĐ aŶd oǀeƌ the shelf is ideŶtiĐal 
ǁithiŶ a Ŷaƌƌoǁ ƌaŶge of log K’Fe’L ǀalues of ϭϭ.Ϯ  Ϭ.ϭ ;AtlaŶtiĐ pƌofileͿ aŶd ϭϭ.Ϯ  Ϭ.Ϯ foƌ the shelf 
saŵples. CoŵpaƌisoŶ of the iƌoŶ-ďiŶdiŶg huŵiĐs aŶd ĐoŵpleǆiŶg ligaŶds shoǁs that the huŵiĐ 
suďstaŶĐes aĐĐouŶt foƌ ϵϱ to ϵϴ % of the total ligaŶd foƌ iƌoŶ iŶ the shelf aŶd oĐeaŶ ǁateƌs. This 
ƌeǀolutioŶaƌǇ fiŶdiŶg ĐhalleŶges the paƌadigŵ that iƌoŶ-ďiŶdiŶg ligaŶds laƌgelǇ oƌigiŶate fƌoŵ iŶ-situ 
pƌoduĐtioŶ ďǇ ŵiĐƌooƌgaŶisŵs aŶd ŵuĐh faĐilitates the ŵodeliŶg of the ďaĐkgƌouŶd ligaŶd 
ĐoŶĐeŶtƌatioŶ that ĐoŶtƌols the gloďal oĐeaŶiĐ distƌiďutioŶ of Fe. 
Data fittiŶg of the ĐoŵpleǆoŵetƌiĐ titƌatioŶs iŶ all saŵples fƌoŵ the estuaƌiŶe, Đoastal, shelf aŶd 
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M Metal 
MAWs Multiple aŶalǇtiĐal ǁiŶdoǁs 
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PFA PeƌfluoƌoalkoǆǇ alkaŶe 
PTFE PolǇtetƌafluoƌoethǇleŶe ;TefloŶͿ 
‘E ‘efeƌeŶĐe eleĐtƌode 
‘M“E ‘oot ŵeaŶ sƋuaƌe eƌƌoƌ 
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;kͿ KiŶetiĐ ƌate ĐoŶstaŶt 
K CoŶditioŶal staďilitǇ ĐoŶstaŶt 
“ “eŶsitiǀitǇ 
“Maǆ Maǆiŵuŵ seŶsitiǀitǇ 








ŶA NaŶo aŵpeƌe 
ipϬ iŶitial peak height  
iP, Ip Peak ĐuƌƌeŶt 
IpCal CalĐulated peak ĐuƌƌeŶt 
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tdep / d. t  DepositioŶ tiŵe 
V Volt 
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;αͿ “ide ƌeaĐtioŶ ĐoeffiĐieŶt 
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CoŶtƌiďutioŶs to this thesis: 
IŶ Đhapteƌs ;Ϯ, ϯ aŶd ϱͿ, I pƌepaƌed all data aŶd gƌaphs as ǁell as the dƌafts foƌ 
iŶteƌŶatioŶal jouƌŶals uŶdeƌ supeƌǀisioŶ of ŵǇ supeƌǀisoƌ pƌofessoƌ C.M.G ǀaŶ deŶ ďeƌg. IŶ 
Đhapteƌ ϰ, I Đollaďoƌated ǁith Aďida Mahŵood ;Neǁ )ealaŶd-Otago UŶiǀeƌsitǇͿ. I did paƌt of 
this ǁoƌk, iŶĐludiŶg ĐaliďƌatioŶs of staďilitǇ ĐoŶstaŶts ;log K͛Fe͛“A aŶd log B͛Fe͛“AϮͿ, help Aďida to 
use aŶd set up the Ŷeǁ “A ŵethod, supeƌǀise the ŵeasuƌeŵeŶts aŶd ĐalĐulatioŶs of the 
iŶdiǀidual ĐoŵpleǆatioŶ titƌatioŶs step ďǇ step aŶd ŵake ĐoŵŵeŶts oŶ this papeƌ. VaŶ deŶ 




The C“V ŵethod foƌ iƌoŶ speĐiatioŶ iŶ seaǁateƌ usiŶg ;“AͿ ǁas iŵpƌoǀed iŶ this 
thesis, aŶd applied to saŵples fƌoŵ Đoastal, estuaƌiŶe, shelf aŶd opeŶ oĐeaŶ ǁateƌs.  
Chapteƌ ϭ: GeŶeƌal iŶtƌoduĐtioŶ. 
Bƌief: GeŶeƌal iŶtƌoduĐtioŶ to the iƌoŶ aŶd oƌgaŶiĐ ligaŶds iŶ Đoastal aŶd sea ǁateƌ aŶd 
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saliĐǇlaldoǆiŵe ;“AͿ ǁas iŵpƌoǀed ďǇ ŵeasuƌiŶg iŶ the pƌeseŶĐe of aiƌ-oǆǇgeŶ ǁhiĐh ǁas 
fouŶd to a giǀe ĐatalǇtiĐ effeĐt. The Đoŵpleǆ staďilitǇ of Fe͛ ǁith “A ;Fe“A aŶd Fe“AϮͿ ǁas 
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ďaǇ, to deteƌŵiŶe iƌoŶ speĐiatioŶ aŶd huŵiĐ suďstaŶĐes at diffeƌeŶt saliŶitǇ, The Đoŵpleǆ 
staďilitǇ of Fe͛ ǁith “A ǁas also Đaliďƌated oǀeƌ a ƌaŶge of saliŶitǇ ;ϭϵ to ϯϮͿ to eŶaďle iƌoŶ 
speĐiatioŶ iŶ estuaƌiŶe ǁateƌs. The ĐoŵpetitioŶ ďetǁeeŶ Đoppeƌ aŶd iƌoŶ foƌ huŵiĐ ligaŶds 
ǁas studied iŶ this Đhapteƌ.  
Chapteƌ ϰ: OƌgaŶiĐ speĐiatioŶ of dissolǀed iƌoŶ iŶ estuaƌiŶe aŶd Đoastal ǁateƌs at ŵultiple 
aŶalǇtiĐal ǁiŶdoǁs. 
Bƌief: The ŵultiple aŶalǇtiĐal ǁiŶdoǁs ǁeƌe used ǁith the iŵpƌoǀed ŵethod iŶ the 
saŵe saŵples fƌoŵ the MeƌseǇ estuaƌǇ aŶd Liǀeƌpool BaǇ, ϱ deteĐtioŶ ǁiŶdoǁs defiŶed ďǇ 
settiŶg the ĐoŶĐeŶtƌatioŶ of the ĐoŵpetiŶg ligaŶd ;“AͿ at ϱ, ϭϬ, ϭϱ, Ϯϱ aŶd ϱϬ µM to 
deteƌŵiŶe the speĐiatioŶ of iƌoŶ aŶd the possiďilitǇ of fiŶdiŶg ŵoƌe thaŶ oŶe ligaŶd ;ligaŶd 
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ĐlassesͿ iŶ these ǁateƌs.  
Chapteƌ ϱ: IdeŶtifiĐatioŶ of iƌoŶ-ďiŶdiŶg suďstaŶĐes iŶ the oĐeaŶs. 
Bƌief: The iŵpƌoǀed ŵethod is also applied to saŵples fƌoŵ the shelf aŶd ǀeƌtiĐal oĐeaŶ 
pƌofile ;AtlaŶtiĐ oĐeaŶͿ to deteƌŵiŶe the iƌoŶ speĐiatioŶ aŶd huŵiĐ suďstaŶĐes iŶ these 
ǁateƌs. MeasuƌeŵeŶts of ligaŶd ĐoŶĐeŶtƌatioŶs aŶd huŵiĐ ĐoŶĐeŶtƌatioŶs shoǁ agƌeeŵeŶts, 



















1.1. IƌoŶ distƌiďutioŶ, liŵitatioŶ, aŶd souƌĐes iŶ Đoastal aŶd sea ǁateƌs 
IƌoŶ is the fouƌth ŵost aďuŶdaŶt eleŵeŶt iŶ the eaƌth s͛ Đƌust ;TaǇloƌ, ϭϵϲϰ; Wedepohl, 
ϭϵϵϱͿ afteƌ oǆǇgeŶ ;OͿ, siliĐoŶ ;“iͿ aŶd aluŵiŶiuŵ ;AlͿ. Despite that, iƌoŶ eǆists at eǆtƌeŵelǇ 
loǁ ĐoŶĐeŶtƌatioŶs iŶ oĐeaŶiĐ suƌfaĐe ǁateƌs ;Ϭ.ϬϮ to ϭ ŶMͿ, ǁheƌeas its ĐoŶĐeŶtƌatioŶs 
iŶĐƌease ďǇ oƌdeƌs of ŵagŶitude iŶ tƌaŶseĐts fƌoŵ the opeŶ oĐeaŶ to Đoastal ǁateƌs ;MaƌtiŶ 
aŶd GoƌdoŶ, ϭϵϴϴ; Wu aŶd Lutheƌ III, ϭϵϵϲͿ.  IƌoŶ distƌiďutioŶ iŶ Đoastal aŶd sea ǁateƌs is 
ĐoŶtƌolled ďǇ diffeƌeŶt pƌoĐesses, iŶĐludiŶg diffeƌeŶĐes iŶ ƌate of iƌoŶ iŶputs ;i.e. ƌiǀeƌs, shelf 
sediŵeŶts, atŵospheƌiĐ depositioŶ aŶd hǇdƌotheƌŵal ǀeŶtsͿ, ďiologiĐal uptake, 
ĐoŵpleǆatioŶ ǁith oƌgaŶiĐ ligaŶds, ƌeŵiŶeƌalisatioŶ aŶd sĐaǀeŶgiŶg oŶ siŶkiŶg paƌtiĐles. 
‘iǀeƌ iŶput is the doŵiŶaŶt souƌĐe of tƌaĐe ŵetals ;iŶĐludiŶg iƌoŶͿ iŶ estuaƌiŶe ǁateƌs 
;BƌulaŶd et al., ϮϬϭϰͿ, ďut the ŵajoƌitǇ of dissolǀed iƌoŶ iŶ ƌiǀeƌ ǁateƌ eǆists as Đolloidal 
paƌtiĐles ;Foǆ, ϭϵϴϴ; WeŶ et al., ϭϵϵϵͿ. The ĐoŶĐeŶtƌatioŶ of dissolǀed iƌoŶ iŶ estuaƌiŶe 
ǁateƌs deĐƌeases ǁith iŶĐƌeasiŶg saliŶitǇ, due to estuaƌiŶe ǁateƌs ŵiǆiŶg ǁith seaǁateƌ aŶd 
the iŶĐƌease iŶ ĐoŶĐeŶtƌatioŶ of ŵajoƌ ĐatioŶs, the Đolloidal iƌoŶ floĐĐulated ǁith oƌgaŶiĐ 
ŵatteƌ, foƌŵiŶg paƌtiĐulate ŵatteƌ that siŶks to the sediŵeŶts. Pƌeǀious ǁoƌk ;BoǇle et al., 
ϭϵϳϳ; “holkoǀitz, ϭϵϳϲ; “holkoǀitz et al., ϭϵϳϴͿ desĐƌiďed the sĐaǀeŶgiŶg of Fe ;as iƌoŶ 
oǆǇhǇdƌoǆidesͿ iŶ saliŶitǇ gƌadieŶts iŶ estuaƌiŶe sǇsteŵs due to floĐĐulatioŶ ǁith huŵiĐ 
suďstaŶĐes ;H“Ϳ duƌiŶg estuaƌiŶe ŵiǆiŶg, ƌeŵoǀiŶg ŵoƌe thaŶ ϵϬ% of the dissolǀed Fe aŶd 
loǁeƌiŶg its ĐoŶĐeŶtƌatioŶ fƌoŵ Ϭ.ϱ–ϭϬ μŵol/L iŶ fƌeshǁateƌs ;Nagai et al., ϮϬϬϳͿ, to the ϭ-
ϮϬ Ŷŵol/L ƌaŶge iŶ Đoastal ǁateƌ. 
Coastal ǁateƌs aƌe eŶƌiĐhed iŶ iƌoŶ Đoŵpaƌed to the opeŶ oĐeaŶ due to theiƌ pƌoǆiŵitǇ 
to shelf sediŵeŶts aŶd teƌƌestƌial souƌĐes ;JohŶsoŶ et al., ϭϵϵϳͿ, siŶĐe the ŵajoƌitǇ of 
dissolǀed iƌoŶ is lost thƌough estuaƌiŶe floĐĐulatioŶ aŶd pƌeĐipitatioŶ pƌoĐesses ;BoǇle et al., 
ϭϵϳϳͿ. ‘esuspeŶded shelf sediŵeŶts ĐoŵďiŶed ǁith the upǁelliŶg pƌoĐess aƌe the doŵiŶaŶt 
souƌĐes to Đoastal suƌfaĐe ǁateƌs ;JohŶsoŶ et al., ϭϵϵϵͿ, aŶd this ŵaǇ eǆplaiŶ the gƌadieŶt of 
suƌfaĐe dissolǀed Fe ĐoŶĐeŶtƌatioŶ fƌoŵ shelf aŶd Đoastal to opeŶ oĐeaŶ. AtŵospheƌiĐ 
depositioŶ is the doŵiŶaŶt souƌĐe of iƌoŶ iŶ oĐeaŶ ǁateƌs ;DuĐe aŶd TiŶdale, ϭϵϵϭͿ, 
folloǁed ďǇ shelf sediŵeŶts, hǇdƌotheƌŵal ǀeŶts aŶd upǁaƌd ŵiǆiŶg aŶd adǀeĐtioŶ of 
ϭϱ 
 
deepeƌ ǁateƌs ;CoŶǁaǇ aŶd JohŶ, ϮϬϭϰ; KluŶdeƌ et al., ϮϬϭϮ; Tagliaďue et al., ϮϬϭϬͿ. 
The ǀeƌtiĐal distƌiďutioŶ of dissolǀed iƌoŶ iŶ seaǁateƌ has a ŶutƌieŶt-like pƌofile due to 
its ďiologiĐal fuŶĐtioŶ ;MaƌtiŶ aŶd GoƌdoŶ, ϭϵϴϴͿ, dissolǀed iƌoŶ ĐoŶĐeŶtƌatioŶ iŶ suƌfaĐe 
ǁateƌs usuallǇ < Ϭ.Ϯ ŶM, theŶ its ĐoŶĐeŶtƌatioŶ iŶĐƌeases gƌaduallǇ to ~Ϭ.ϳ ŶM  iŶ deep 
ǁateƌs ;BoǇd aŶd Ellǁood, ϮϬϭϬ; JohŶsoŶ et al., ϭϵϵϳͿ. “eǀeƌal ǀeƌtiĐal pƌofiles of dissolǀed 
iƌoŶ ĐoŶĐeŶtƌatioŶ haǀe ďeeŶ puďlished pƌeǀiouslǇ, foƌ eǆaŵple tǁo of those pƌofiles, ǁeƌe 
iŶ the Ŷoƌth PaĐifiĐ ;MaƌtiŶ et al., ϭϵϴϵͿ aŶd Ŷoƌth AtlaŶtiĐ ;CoŶǁaǇ aŶd JohŶ, ϮϬϭϰͿ ;Fig. 
ϭ.ϭͿ, ǁith loǁ ĐoŶĐeŶtƌatioŶs of dissolǀed Fe iŶ suƌfaĐe ǁateƌs ~ Ϭ.Ϭϱ  ŶM iŶ the Ŷoƌth PaĐifiĐ 
Đoŵpaƌed to higheƌ ĐoŶĐeŶtƌatioŶs iŶ the Ŷoƌth AtlaŶtiĐ ~ Ϭ.ϯ ŶM, theŶ Fe ĐoŶĐeŶtƌatioŶs 
gƌaduallǇ iŶĐƌease at ϭϬϬϬ ŵ depth  to ~ Ϭ.ϳ ŶM iŶ the Ŷoƌth PaĐifiĐ aŶd ~ Ϭ.ϴ iŶ the Ŷoƌth 
AtlaŶtiĐ, aŶd theŶ deĐƌease slightlǇ iŶ ďoth pƌofiles to ~ Ϭ.ϲ ŶM at ϰϬϬϬ ŵ ;Fig. ϭ.ϭͿ. 
Dissolǀed iƌoŶ ĐoŶĐeŶtƌatioŶs iŶ the deep PaĐifiĐ aŶd AtlaŶtiĐ aƌe ŶeaƌlǇ siŵilaƌ ;Billeƌ aŶd 
BƌulaŶd, ϮϬϭϮͿ aŶd the ĐoŵpleǆatioŶ ǁith oƌgaŶiĐ ligaŶds ĐoŶtƌols the ƌesidual Fe aŶd 
sĐaǀeŶgiŶg pƌoĐesses ;Völkeƌ aŶd Tagliaďue, ϮϬϭϱͿ. 
The distƌiďutioŶs aŶd ĐoŶĐeŶtƌatioŶs of iƌoŶ iŶ seaǁateƌ aƌe ĐoŶtƌolled ďǇ seǀeƌal 
pƌoĐesses ǁheƌe the ĐheŵiĐal foƌŵs ;speĐiatioŶͿ affeĐt tƌaŶspoƌt aŶd iŶteƌŶal ĐǇĐliŶg. 
GeŶeƌallǇ the Fe ĐoŶĐeŶtƌatioŶs iŶ oĐeaŶ suƌfaĐe ǁateƌs aƌe ƌegulated ďǇ Fe iŶputs 
;atŵospheƌiĐ depositioŶͿ aŶd ƌeŵoǀal ;ďiologiĐal uptake aŶd sĐaǀeŶgiŶg pƌoĐessesͿ. 
“ĐaǀeŶgiŶg pƌoĐesses ƌesult iŶ the tƌaŶspoƌt of dissolǀed Fe fƌoŵ the suƌfaĐe ǁateƌs to 
deepeƌ ǁateƌs ǁith suďseƋueŶt ƌeŵiŶeƌalisatioŶ at depth. Beloǁ the pƌoduĐtiǀe ǁateƌs the 
oǆǇgeŶ is ĐoŶsuŵed due to oƌgaŶiĐ ŵatteƌ ƌespiƌatioŶ aŶd ǁeak oĐeaŶ ǀeŶtilatioŶ forming 
oxygen minimum zone ;KaƌsteŶseŶ et al., ϮϬϬϴͿ, as a ƌesult of loǁ oǆǇgeŶ ĐoŶĐeŶtƌatioŶ, the 
dissolǀed Fe ĐoŶĐeŶtƌatioŶ is eŶhaŶĐed aŶd staďilized ďǇ oƌgaŶiĐ ligaŶds ;HopkiŶsoŶ aŶd 
Baƌďeau, ϮϬϬϳͿ. ‘eŵiŶeƌalisatioŶ, hǇdƌotheƌŵal ǀeŶts, sĐaǀeŶgiŶg pƌoĐess as ǁell as oƌgaŶiĐ 
ĐoŵpleǆatioŶ ĐoŶtƌol iƌoŶ ĐoŶĐeŶtƌatioŶs iŶ deep ǁateƌs. OĐeaŶ ŵiǆiŶg pƌoĐesses also affeĐt 
the distƌiďutioŶ of iƌoŶ iŶ oĐeaŶ ǁateƌs ;i.e. Tagliaďue et al., ϮϬϭϰͿ. ;BoǇd aŶd Ellǁood, ϮϬϭϬͿ 
Ŷoted that the ƌeŵiŶeƌalisatioŶ pƌoĐess is sigŶifiĐaŶt at ;ϯϬϬ-ϭϬϬϬ ŵͿ depth, ǁheƌeas the 
sĐaǀeŶgiŶg pƌoĐess is sigŶifiĐaŶt at ;> ϭϬϬϬ ŵͿ depth. The sĐaǀeŶgiŶg pƌoĐess is aŶ iŵpoƌtaŶt 
pƌoĐess ďeĐause it aĐts thƌoughout the ǁateƌ ĐoluŵŶ aŶd affeĐts the iƌoŶ distƌiďutioŶ aŶd 
ƌeŵoǀes iƌoŶ at ĐoŶĐeŶtƌatioŶs gƌeateƌ thaŶ soluďilitǇ liŵit ;JohŶsoŶ et al., ϭϵϵϳͿ. 
The loǁ soluďilitǇ of iŶoƌgaŶiĐ speĐies ;Fe͛Ϳ ;~ϭϬ pMͿ ;Liu aŶd Milleƌo, ϮϬϬϮͿ, ďiologiĐal 
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uptake aŶd adsoƌptioŶ oŶ siŶkiŶg paƌtiĐulate ŵateƌial aƌe the ŵaiŶ ƌeasoŶs foƌ iƌoŶ ƌeŵoǀal 
fƌoŵ seaǁateƌ. The sĐaǀeŶgiŶg pƌoĐess ĐaŶ ďe defiŶed as the pƌoĐess of ŵetal ƌeŵoǀal due 
to its adsoƌptioŶ oŶ paƌtiĐulate ŵateƌials ǁith ƌelatiǀelǇ high affiŶitǇ suƌfaĐe sites aŶd 
settliŶg ǁith these paƌtiĐles to the deep oĐeaŶ ;BƌulaŶd et al., ϮϬϭϰ; TuƌekiaŶ, ϭϵϳϳͿ. 
CheŵiĐal aŶd ďiologiĐal sĐaǀeŶgiŶg pƌoĐesses loǁeƌ the dissolǀed Fe ĐoŶĐeŶtƌatioŶ uŶless 
oƌgaŶiĐ ĐoŵpleǆatioŶ plaǇs a ƌole ďǇ staďiliziŶg iƌoŶ agaiŶst these pƌoĐesses ;Kuŵa et al., 
ϭϵϵϲͿ. Thus iƌoŶ ĐoŵpleǆatioŶ ǁith oƌgaŶiĐ ligaŶds plaǇs a ĐƌitiĐal ƌole iŶ deteƌŵiŶiŶg Fe 
distƌiďutioŶ ;Tagliaďue aŶd Völkeƌ, ϮϬϭϭ; Völkeƌ aŶd Tagliaďue, ϮϬϭϱͿ. Fe ĐoŶĐeŶtƌatioŶs iŶ 
the deep PaĐifiĐ aŶd AtlaŶtiĐ aƌe ŶeaƌlǇ siŵilaƌ ƌefleĐtiŶg a ďalaŶĐe ďetǁeeŶ Fe ƌeŵoǀal aŶd 
supplǇ pƌoĐesses ǁith staďilizatioŶ thƌough ligaŶds.  
Fe is aŶ esseŶtial eleŵeŶt ƌeƋuiƌed foƌ the sǇŶthesis of ĐhloƌophǇll aŶd seǀeƌal pƌoteiŶs 
iŶǀolǀed iŶ ŵaŶǇ life pƌoĐesses, suĐh as photosǇŶthesis, ƌespiƌatioŶ aŶd ŶitƌogeŶ fiǆatioŶ 
;Mooƌe aŶd DoŶeǇ, ϮϬϬϳ; ‘aǀeŶ et al., ϭϵϵϵ; “uŶda et al., ϭϵϵϭͿ. It is ǁell kŶoǁŶ that Fe 
defiĐieŶĐǇ liŵits pƌiŵaƌǇ pƌoduĐtiǀitǇ iŶ laƌge aƌeas of the ǁoƌld s͛ oĐeaŶs iŶ ƌegioŶ kŶoǁŶ as 
HNLC ;high ŶutƌieŶt, loǁ ĐhloƌophǇllͿ ;MaƌtiŶ aŶd Fitzǁateƌ, ϭϵϴϴ; MaƌtiŶ aŶd GoƌdoŶ, 
ϭϵϴϴͿ, eǀeŶ iŶ soŵe Đoastal upǁelliŶg ƌegioŶs ;Billeƌ aŶd BƌulaŶd, ϮϬϭϰͿ.  
HNLC aƌeas ;suĐh as, the eƋuatoƌial aŶd suďaƌĐtiĐ PaĐifiĐ aŶd the “outheƌŶ OĐeaŶͿ aƌe 
ƌiĐh of ŵaĐƌoŶutƌieŶts suĐh as Ŷitƌate, phosphate aŶd siliĐate, ďut haǀe loǁ phǇtoplaŶktoŶ 
gƌoǁth; this ƌestƌiĐtioŶ of gƌoǁth iŶ these aƌeas is attƌiďuted to the iƌoŶ defiĐieŶĐǇ ;BoǇd et 





Figuƌe ϭ.ϭ. TǇpiĐal pƌofiles of dissolǀed iƌoŶ iŶ the Ŷoƌth PaĐifiĐ ;Đƌuise: VE‘TEX VII, statioŶ ϳͿ ;MaƌtiŶ et al., 
ϭϵϴϵͿ aŶd Ŷoƌth AtlaŶtiĐ ;Đƌuise: U“ GEOT‘ACE“ Noƌth AtlaŶtiĐ GAϬϯ, statioŶ ϲͿ ;CoŶǁaǇ aŶd JohŶ, ϮϬϭϰͿ.  
 
IŶ ϭϵϵϬ JohŶ MaƌtiŶ puďlished the ͞IƌoŶ HǇpothesis͟, iŶ ǁhiĐh he pƌoposed that 
iŶĐƌeased iƌoŶ depositioŶ ďǇ atŵospheƌiĐ iŶput iŶ HNLC ƌegioŶs Đould pƌoŵote pƌiŵaƌǇ 
pƌoduĐtioŶ; ĐoŶseƋueŶtlǇ it has a sigŶifiĐaŶt iŶflueŶĐe oŶ the gloďal ĐaƌďoŶ ĐǇĐliŶg aŶd 
eaƌth s͛ Đliŵate ;MaƌtiŶ, ϭϵϵϬͿ. “eǀeƌal pƌeǀious studies haǀe used the iƌoŶ feƌtilisatioŶ 
appƌoaĐh ;iƌoŶ feƌtilisatioŶ eǆpeƌiŵeŶtsͿ to test the iƌoŶ hǇpothesis iŶ oĐeaŶ suƌfaĐe ǁateƌs, 
suĐh as eƋuatoƌial PaĐifiĐ OĐeaŶ ;IƌoŶEǆͿ ;Coale et al., ϭϵϵϲ; MaƌtiŶ et al., ϭϵϵϰͿ, “uďaƌĐtiĐ 
Noƌtheast PaĐifiĐ ;BoǇd et al., ϮϬϬϱͿ aŶd “outheƌŶ OĐeaŶ ;“OI‘EEͿ ;BoǇd aŶd Laǁ, ϮϬϬϭͿ ďǇ 
iŶteŶtioŶal iŶtƌoduĐtioŶ of loǁ ĐoŶĐeŶtƌatioŶs of iƌoŶ to the suƌfaĐe oĐeaŶ ǁateƌs to 
stiŵulate a phǇtoplaŶktoŶ gƌoǁth. Most of these studies haǀe suppoƌted the iƌoŶ hǇpothesis 
aŶd deŵoŶstƌated that the additioŶs of the iƌoŶ to the suƌfaĐe oĐeaŶ ǁateƌs pƌoǀide a 
sigŶifiĐaŶt iŶĐƌease iŶ phǇtoplaŶktoŶ pƌoduĐtiǀitǇ aŶd ƌeduĐe atŵospheƌiĐ ĐaƌďoŶ dioǆide. 
The ŵajoƌ iŶputs of iƌoŶ iŶ oĐeaŶ ǁateƌs aƌe fƌoŵ atŵospheƌiĐ depositioŶ ;DuĐe aŶd 
TiŶdale, ϭϵϵϭ; JiĐkells et al., ϮϬϬϱͿ, ƌiǀeƌ ƌuŶoffs aŶd ĐoŶtiŶeŶtal shelf sediŵeŶts ;JohŶsoŶ et 
al., ϭϵϵϳ; Mooƌe aŶd BƌauĐheƌ, ϮϬϬϴͿ, hǇdƌotheƌŵal ǀeŶts ;KluŶdeƌ et al., ϮϬϭϮ; Tagliaďue et 
al., ϮϬϭϬ; Wu et al., ϮϬϭϭͿ aŶd iĐe ŵeltiŶg ;LaŶŶuzel et al., ϮϬϬϳ; WaŶg et al., ϮϬϭϰͿ. 
Wheƌeas the ŵaiŶ ƌeŵoǀal pathǁaǇs of iƌoŶ iŶ oĐeaŶ ǁateƌs aƌe ďiologiĐal uptake aŶd 





























1.2. IƌoŶ ĐheŵistƌǇ aŶd ďioaǀailaďilitǇ iŶ seaǁateƌ 
IƌoŶ oĐĐuƌs iŶ seaǁateƌ iŶ tǁo oǆidatioŶ states: the soluďle feƌƌous foƌŵ Fe ;IIͿ iŶ 
ĐheŵiĐallǇ ƌeduĐiŶg ĐoŶditioŶs ;LaŶdiŶg aŶd WesteƌluŶd, ϭϵϴϴͿ oƌ ǁheŶ suďjeĐt to 
photoĐheŵiĐal ƌeaĐtioŶs ;Lagleƌa aŶd VaŶ deŶ Beƌg, ϮϬϬϳ; Milleƌ aŶd Kesteƌ, ϭϵϵϰͿ, ǁheƌeas 
the feƌƌiĐ foƌŵ Fe ;IIIͿ, is the theƌŵodǇŶaŵiĐallǇ staďle foƌŵ iŶ oǆǇgeŶated ǁateƌs. The 
ƌeduĐed foƌŵ, Fe ;IIͿ, is fouŶd iŶ oǆiĐ suƌfaĐe ǁateƌs at eǆtƌeŵelǇ loǁ ĐoŶĐeŶtƌatioŶs ;pM oƌ 
lessͿ due to the ƌapid oǆidatioŶ ;iŶ houƌsͿ to Fe ;IIIͿ ďǇ OϮ aŶd HϮOϮ. The loǁeƌ 
ĐoŶĐeŶtƌatioŶs of Fe iŶ opeŶ oĐeaŶ ǁateƌs aƌe attƌiďuted to its pooƌ soluďilitǇ ;~ϭϬ pM as 
iŶoƌgaŶiĐ Fe at pH ϴ seaǁateƌ ;Liu aŶd Milleƌo, ϮϬϬϮͿͿ, ǁheƌeas its soluďilitǇ iŶ Đoastal ǁateƌ 
is aďout aŶ oƌdeƌ of ŵagŶitude higheƌ thaŶ that iŶ the OpeŶ OĐeaŶ ;Kuŵa et al., ϭϵϵϲͿ. Fe is 
fouŶd iŶ higheƌ ĐoŶĐeŶtƌatioŶs thaŶ eǆpeĐted ďǇ its soluďilitǇ due to the pƌeseŶĐe of oƌgaŶiĐ 
ŵatteƌ ;ligaŶdsͿ. “o ǁe all appƌeĐiate the ƌole of the Ŷatuƌal ligaŶds. 
IƌoŶ ĐoŵpleǆatioŶ ǁith oƌgaŶiĐ ligaŶds iŶĐƌeases its soluďilitǇ aŶd pƌeǀeŶts its 
hǇdƌolǇsis aŶd pƌeĐipitatioŶ, thus keeps it iŶ the dissolǀed phase ;Kuŵa et al., ϭϵϵϴ; Kuŵa et 
al., ϭϵϵϲď; Liu aŶd Milleƌo, ϮϬϬϮͿ. The iŶoƌgaŶiĐ speĐiatioŶ of Fe ;IIIͿ is doŵiŶated ďǇ its 
hǇdƌolǇsis ďehaǀiouƌ ;Waite, ϮϬϬϭͿ. It has ďeeŶ deŵoŶstƌated that oǀeƌ ϵϵ % of dissolǀed 
iƌoŶ iŶ Đoastal aŶd oĐeaŶ ǁateƌs is Đoŵpleǆed ǁith oƌgaŶiĐ ligaŶds ;Gledhill aŶd VaŶ DeŶ 
Beƌg, ϭϵϵϰ; ‘ue aŶd BƌulaŶd, ϭϵϵϱ; ǀaŶ deŶ Beƌg, ϭϵϵϱͿ. 
The aǀailaďilitǇ of Fe to ŵiĐƌooƌgaŶisŵs is liŶked ǁith its speĐiatioŶ. IƌoŶ iŶ suƌfaĐe 
ǁateƌ eǆists as Fe Đoŵpleǆed ǁith oƌgaŶiĐ ligaŶds aŶd fƌee iŶoƌgaŶiĐ iƌoŶ ;Fe II aŶd Fe IIIͿ. 
‘edoǆ tƌaŶsitioŶs iŶǀolǀe oǆidatioŶ of Fe;IIͿ ;ďǇ dissolǀed oǆǇgeŶ iŶ suƌfaĐe ǁateƌͿ aŶd 
ƌeduĐtioŶ of Fe;IIIͿ ;ďǇ photoĐheŵiĐal pƌoĐessͿ. Fe;IIIͿ Đoŵpleǆes ǁith oƌgaŶiĐ ligaŶds 
doŵiŶate the ĐheŵiĐal speĐiatioŶ of iƌoŶ iŶ Đoastal aŶd seaǁateƌ ;Gledhill aŶd ǀaŶ deŶ Beƌg, 
ϭϵϵϰ; ‘ue aŶd BƌulaŶd, ϭϵϵϱ; ǀaŶ deŶ Beƌg, ϭϵϵϱͿ. AŶ iŵpoƌtaŶt ƋuestioŶ ƌeŵaiŶs hoǁ 
ŵiĐƌooƌgaŶisŵs ĐaŶ aĐĐess oƌgaŶiĐallǇ ďouŶd Fe. Fe;IIͿ iŶ shelf ǁateƌ has also ;like Fe;IIIͿͿ 
ďeeŶ shoǁŶ to ďe staďilised ǁith oƌgaŶiĐ ŵatteƌ ;“tathaŵ et al., ϮϬϭϮͿ ǁhiĐh pƌoďaďlǇ 
ĐoŶtƌiďutes to its loŶgeǀitǇ. 
It has ďeeŶ shoǁŶ that phǇtoplaŶktoŶ ĐaŶ aĐĐess oƌgaŶiĐallǇ ďouŶd iƌoŶ usiŶg speĐifiĐ 
ŵeĐhaŶisŵs ;MaldoŶado aŶd PƌiĐe, ϭϵϵϵͿ; these ŵeĐhaŶisŵs iŶǀolǀe the ƌeduĐtioŶ of 
oƌgaŶiĐallǇ ďouŶd Fe ďǇ speĐifiĐ ƌeduĐtases at the suƌfaĐe of the Đell ;MaldoŶado aŶd PƌiĐe, 
ϭϵϵϵ, MaldoŶado., et al., ϮϬϬϲͿ. HutĐhiŶs aŶd Đoauthoƌs haǀe shoǁŶ that Ŷot all foƌŵs of 
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oƌgaŶiĐallǇ ďouŶd iƌoŶ aƌe eƋuallǇ aǀailaďle to diffeƌeŶt gƌoups of phǇtoplaŶktoŶ ;HutĐhiŶs 
et al., ϭϵϵϵͿ. PhotoĐheŵiĐal ƌeduĐtioŶ of oƌgaŶiĐallǇ ďouŶd Fe is aŶ iŵpoƌtaŶt pƌoĐess 
ƌetaiŶiŶg Fe iŶ suƌfaĐe ǁateƌs aŶd iŶĐƌeasiŶg its aǀailaďilitǇ to ŵiĐƌooƌgaŶisŵs ;‘ijkeŶďeƌg et 
al., ϮϬϬϱ; Tagliaďue aŶd Aƌƌigo, ϮϬϬϲͿ. The iŶoƌgaŶiĐ foƌŵ of iƌoŶ is the ŵost ďioaǀailaďle 
foƌŵ as it ĐaŶ ďe takeŶ up diƌeĐtlǇ ďǇ phǇtoplaŶktoŶ ;Moƌel et al., ϮϬϬϴͿ.   
The speĐiatioŶ of Đoppeƌ is siŵilaƌ to that of iƌoŶ iŶ that its speĐiatioŶ iŶ seaǁateƌ is 
doŵiŶated ďǇ oƌgaŶiĐ ĐoŵpleǆatioŶ ;BƌulaŶd et al., ϮϬϬϬ; BuĐk aŶd BƌulaŶd, ϮϬϬϱ; Kogut 
aŶd Voelkeƌ, ϮϬϬϯͿ. PhǇtoplaŶktoŶ ƌelease Đoppeƌ ďiŶdiŶg ligaŶds iŶ ƌespoŶse to Đoppeƌ 
toǆiĐitǇ, thus affeĐtiŶg the Đoppeƌ speĐiatioŶ ;Moffett et al., ϭϵϵϳͿ. Coppeƌ is a ƌedoǆ aĐtiǀe 
tƌaŶsitioŶ ŵetal aĐts as a ĐofaĐtoƌ iŶ eŶzǇŵes that ĐatalǇse otheƌ ƌedoǆ ƌeaĐtioŶs, thus it is a 
ǀital ŵetal foƌ gƌoǁth ;MaldoŶado., et al., ϮϬϬϲͿ. It has ďeeŶ shoǁŶ that the uptake ƌate of 
oƌgaŶiĐallǇ ďouŶd iƌoŶ ďǇ phǇtoplaŶktoŶ is depeŶdeŶt oŶ Đoppeƌ aǀailaďilitǇ; as the Fe ;IIͿ 
pƌoduĐed ďǇ ƌeduĐtases is ƌe-oǆidized ďǇ a Đoppeƌ ĐoŶtaiŶiŶg feƌƌoǆidase duƌiŶg the Fe 
tƌaŶspoƌt to the Đell ŵeŵďƌaŶe ;MaldoŶado., et al., ϮϬϬϲͿ.  
CoŵpetitioŶ ďetǁeeŶ Đoppeƌ aŶd iƌoŶ ;as deŵoŶstƌated iŶ Đhapteƌ ϯͿ Đould affeĐt the 
ďioaǀailaďilitǇ of ďoth ŵetals to ŵiĐƌooƌgaŶisŵs. IŶĐƌeases iŶ the Đoppeƌ ĐoŶĐeŶtƌatioŶ 
Đould lead to iŶĐƌeasiŶg ĐoŵpetitioŶ ǁith Fe foƌ Ŷatuƌal ligaŶds aŶd displaĐe Fe fƌoŵ Fe-L 
Đoŵpleǆes thus iŶĐƌeasiŶg iŶoƌgaŶiĐ Fe, thus affeĐtiŶg the ďioaǀailaďilitǇ of ďoth ŵetals. Foƌ 
eǆaŵple doŵoiĐ aĐid, is kŶoǁŶ to ďe Đoŵpleǆed ǁith Đoppeƌ aŶd iƌoŶ iŶ seaǁateƌ ;‘ue aŶd 
BƌulaŶd, ϮϬϬϭͿ suggestiŶg that ŵetal ĐoŵpetitioŶ Đould plaǇ a ƌole. It has ďeeŶ suggested 
that Fe uptake ďǇ Pseudo-ŶitzsĐhia is ƌegulated ďǇ ďoth doŵoiĐ aĐid aŶd Đoppeƌ ;Wells et al., 
ϮϬϬϱͿ, ǁhiĐh Đould possiďlǇ ďe eǆplaiŶed ďǇ ĐoŵpetitioŶ ƌeaĐtioŶs. 
 
1.3. What aƌe the Ŷatuƌal ligaŶds iŶ seaǁateƌ? 
IƌoŶ is aŶ esseŶtial ŵiĐƌoŶutƌieŶt eleŵeŶt ƌeƋuiƌed ďǇ phǇtoplaŶktoŶ suĐh as 
photosǇŶthetiĐ ŵiĐƌoalgae. PhotosǇŶthesis is the pƌoĐess of ĐoŶǀeƌtiŶg light eŶeƌgǇ ;fƌoŵ 
“uŶͿ, iŶto ĐheŵiĐal eŶeƌgǇ aŶd theŶ the ĐheŵiĐal eŶeƌgǇ is stoƌed as oƌgaŶiĐ ĐoŵpouŶds 
;e.g. CϲHϭϮOϲ oƌ CHϮOͿ, ǁhiĐh aƌe sǇŶthesized fƌoŵ the iŶoƌgaŶiĐ ĐaƌďoŶ dioǆide ;COϮͿ aŶd 
ǁateƌ ;HϮOͿ.  
Fe is also a ƌeƋuiƌed eleŵeŶt foƌ ŵaƌiŶe ŵiĐƌooƌgaŶisŵs, suĐh as ďaĐteƌia ;Toƌtell et 
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al., ϭϵϵϵͿ. These oƌgaŶisŵs aƌe ƌespoŶsiďle foƌ degƌadatioŶ aŶd ƌeŵiŶeƌalisatioŶ of siŶkiŶg 
oƌgaŶiĐ ŵatteƌ. OƌgaŶiĐ ŵatteƌ ;like algae aŶd feĐal pelletsͿ aŶd theiƌ ďƌeakdoǁŶ pƌoduĐts 
ĐoŶtaiŶ seǀeƌal ŵoleĐules ǁhiĐh haǀe high ĐheŵiĐal attƌaĐtioŶs to ďiŶd Fe. These ŵoleĐules 
aƌe Đalled ligaŶds aŶd aƌe ƌespoŶsiďle to keep iƌoŶ dissolǀed iŶ seaǁateƌ; ĐoŶseƋueŶtlǇ 
pƌeǀeŶtiŶg its hǇdƌolǇsis aŶd pƌeĐipitatioŶ ;Kuŵa et al., ϭϵϵϲͿ.  
The ĐoŵpositioŶs of these ligaŶds aƌe still laƌgelǇ uŶkŶoǁŶ, aŶd ŵaǇ ĐoŶsist of ŵaŶǇ 
ĐoŵpouŶds,  ͞LigaŶds soup ,͟ this teƌŵ is giǀeŶ to ligaŶds iŶ seaǁateƌ aŶd is ͞ďased oŶ the 
ŶotioŶ that alŵost aŶǇ oƌgaŶiĐ ŵatteƌ, afteƌ suitaďle ͚ĐookiŶg ,͛ ǁill ŵost likelǇ geŶeƌate 
ŵetal-ďiŶdiŶg ligaŶds͟ ;HuŶteƌ aŶd BoǇd, ϮϬϬϳͿ. The possiďle souƌĐes of these ligaŶds 
;LigaŶd soupͿ iŶ seaǁateƌ aƌe geŶeƌallǇ asĐƌiďed to ďiologiĐal aĐtiǀities ;suĐh as, ;ϭͿ 
ďƌeakdoǁŶ of siŶkiŶg oƌgaŶiĐ paƌtiĐulate ŵatteƌ, ;ϮͿ ligaŶds pƌoduĐed ďǇ ŵaƌiŶe ďaĐteƌia, 
suĐh as saĐĐhaƌides aŶd sideƌophoƌesͿ aŶd teƌƌestƌial iŶputs ;tƌaŶspoƌted oƌgaŶiĐ ŵatteƌ 
fƌoŵ ƌiǀeƌs aŶd ĐoŶtiŶeŶtal shelǀesͿ ;Baueƌ et al., ϮϬϬϮ; HǁaŶg et al., ϮϬϬϰ; MaĐƌellis et al., 
ϮϬϬϭͿ. 
It has ďeeŶ ƌepoƌted that the Fe-ďiŶdiŶg oƌgaŶiĐ ligaŶds duƌiŶg the iƌoŶ feƌtilisatioŶ 
eǆpeƌiŵeŶt ;IƌoŶEǆ IIͿ iŶ the eƋuatoƌial PaĐifiĐ OĐeaŶ aƌe pƌoduĐed ƌapidlǇ iŶ ƌespoŶse to 
sŵall iƌoŶ additioŶs ;‘ue aŶd BƌulaŶd, ϭϵϵϳͿ. Fuƌtheƌŵoƌe duƌiŶg the iƌoŶ feƌtilisatioŶ 
eǆpeƌiŵeŶt ;“OI‘EEͿ iŶ the polaƌ “outheƌŶ OĐeaŶ ;BoǇd et al., ϮϬϬϬͿ, oŶe data poiŶt iŶside 
the patĐh of the feƌtilisatioŶ eǆpeƌiŵeŶt has shoǁŶ aŶ iŶĐƌease of ligaŶd ĐoŶĐeŶtƌatioŶ fƌoŵ 
ϯ.ϱ ŶM ;uŶtil ϭϭ daǇ afteƌ the staƌt of eǆpeƌiŵeŶtͿ to ϴ.ϱ ŶM ;At daǇ ϭϮͿ, ďut oŶe data poiŶt 
is Ŷot eŶough to deĐide if the ligaŶds aƌe pƌoduĐed oƌ Ŷot aŶd this ŵaǇ Ŷeed fuƌtheƌ 
iŶǀestigatioŶs aŶd it ǁill ďe aŶ iŶteƌestiŶg aƌea foƌ the futuƌe studies to ǀeƌifǇ ǁhetheƌ the 
Fe-ďiŶdiŶg ligaŶds aƌe pƌoduĐed duƌiŶg the iƌoŶ feƌtilisatioŶ eǆpeƌiŵeŶts oƌ Ŷot. 
 “eǀeƌal ligaŶds haǀe ďeeŶ pƌoposed as Fe ;IIIͿ-ďiŶdiŶg ligaŶds iŶ Đoastal aŶd sea ǁateƌ, 
suĐh as sideƌophoƌes ;Maǁji et al., ϮϬϬϴ; VelasƋuez et al., ϮϬϭϭͿ, poƌphǇƌiŶ ;IXͿ ;Heŵe BͿ 
;Gledhill, ϮϬϭϰͿ, saĐĐhaƌides ;Hassleƌ et al., ϮϬϭϭa; ǀaŶ deƌ Meƌǁe et al., ϮϬϬϵͿ aŶd huŵiĐ 
suďstaŶĐes ;BatĐhelli et al., ϮϬϭϬ; Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ. 
“ideƌophoƌes aƌe loǁ-ŵoleĐulaƌ ǁeight, high-affiŶitǇ Fe ;IIIͿ-ďiŶdiŶg ligaŶds pƌoduĐed 
ďǇ ŵaƌiŶe ďaĐteƌia ;MaĐƌellis et al., ϮϬϬϭ; VelasƋuez et al., ϮϬϭϭ; Vƌaspiƌ aŶd Butleƌ, ϮϬϬϵͿ. 
“ideƌophoƌes haǀe ďeeŶ fouŶd at ǀeƌǇ loǁ ĐoŶĐeŶtƌatioŶs ;pMͿ iŶ Đoastal aŶd sea ǁateƌ 
;Maǁji et al., ϮϬϬϴ; VelasƋuez et al., ϮϬϭϭͿ, aŶd theǇ haǀe ďeeŶ shoǁŶ to ďe pƌoduĐed ďǇ 
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ŵaƌiŶe ďaĐteƌia iŶ Đultuƌe ;MaƌtiŶez et al., ϮϬϬϯͿ. ;Maǁji et al., ϮϬϬϴͿ haǀe ideŶtified aŶd 
ƋuaŶtified tǁo tǇpes of sideƌophoƌes ;feƌƌioǆaŵiŶe G aŶd feƌƌioǆaŵiŶe BͿ iŶ the AtlaŶtiĐ 
OĐeaŶ ǁateƌs, ǁith ĐoŶĐeŶtƌatioŶs up to ϮϬ pM, aŶd ƌepƌeseŶt ďetǁeeŶ Ϭ.Ϯ aŶd ϱ % of the 
dissolǀed Fe pool if these sideƌophoƌes aƌe fullǇ Đoŵpleǆed iŶ seaǁateƌ. AŶ eǆaŵple of 
sideƌophoƌes is shoǁŶ iŶ Fig. ϭ.Ϯ ďeloǁ: 
 
Figure 1.2. Structures of marine Siderophores (deffeioxamine E, G and B) (Butler and Theisen, 2010). 
 
PoƌphǇƌiŶs aƌe ďiologiĐallǇ pƌoduĐed ŵoleĐules ;HutĐhiŶs et al., ϭϵϵϵͿ. PoƌphǇƌiŶ ;IXͿ 
ǁas used as a ŵodel ligaŶd iŶ seaǁateƌ ǁith ǀalues of Log K´Fe´Lϭ =ϭϮ ;‘ue aŶd BƌulaŶd, 
ϭϵϵϱͿ aŶd ϭϮ.ϰ ;Witteƌ et al., ϮϬϬϬaͿ, thus it has ďeeŶ pƌoposed as a poteŶtial Fe-ďiŶdiŶg 
ligaŶd aŶd ŵaǇ ĐoŶtƌiďute to Fe ligaŶd pool iŶ seaǁateƌ ;HuŶteƌ aŶd BoǇd, ϮϬϬϳ; ‘ue aŶd 
BƌulaŶd, ϭϵϵϱ; Witteƌ et al., ϮϬϬϬaͿ. ‘eĐeŶt studies haǀe fouŶd pƌotopoƌphǇƌiŶ ;heŵe ďͿ iŶ 
phǇtoplaŶktoŶ aŶd ŵaƌiŶe paƌtiĐulate ŵateƌial ;Gledhill, ϮϬϭϰ; HoŶeǇ et al., ϮϬϭϯͿ aŶd iŶ 
ƌiǀeƌ ǁateƌs ;VoŶg et al., ϮϬϬϳͿ. The stƌuĐtuƌe of ŵaƌiŶe pƌotopoƌphǇƌiŶ ;heŵe ďͿ is shoǁŶ 




                                        
Figure 1.3. Structure of marine protoporphyrin (heme b) (Gledhill, 2014). 
 
EǆopolǇsaĐĐhaƌides aƌe high ŵoleĐulaƌ ǁeight ĐoŵpouŶds seĐƌeted ďǇ ŵiĐƌo-
oƌgaŶisŵs ;suĐh as, ŵaƌiŶe ďaĐteƌiaͿ ;Hassleƌ et al., ϮϬϭϭa; Poli et al., ϮϬϭϬͿ, ƌeĐeŶtlǇ haǀe 
ďeeŶ shoǁŶ that saĐĐhaƌide additioŶs eŶhaŶĐe iƌoŶ ďioaǀailaďilitǇ aŶd iƌoŶ uptake ďǇ 
ŵaƌiŶe phǇtoplaŶktoŶ, aŶd heŶĐe saĐĐhaƌide ĐoŵpouŶds ŵaǇ also ĐoŶtƌiďute to Fe ligaŶd 
pool ;Hassleƌ et al., ϮϬϭϭďͿ. The pƌoposed stƌuĐtuƌe of eǆtƌaĐellulaƌ polǇsaĐĐhaƌide is shoǁŶ 
iŶ Fig. ϭ.ϰ ďeloǁ: 
                              Figuƌe ϭ.ϰ. Pƌoposed stƌuĐtuƌe of the eǆtƌaĐellulaƌ polǇsaĐĐhaƌide pƌoduĐed ďǇ ďǇ A. 
ǀeƌsiĐoloƌ ;CheŶ et al., ϮϬϭϯͿ. 
 
 
HuŵiĐ suďstaŶĐes ;H“Ϳ aƌe iŵpoƌtaŶt ĐoŶstitueŶts of Ŷatuƌal oƌgaŶiĐ ŵatteƌ ;NOMͿ iŶ 
soil aŶd aƋuatiĐ eŶǀiƌoŶŵeŶts, aŶd aĐĐouŶt foƌ a sigŶifiĐaŶt poƌtioŶ of dissolǀed oƌgaŶiĐ 
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ĐaƌďoŶ ;DOCͿ iŶ the aƋuatiĐ sǇsteŵ ;Fƌiŵŵel, ϮϬϬϱͿ. The possiďle souƌĐes of H“ iŶ the 
aƋuatiĐ sǇsteŵ aƌe attƌiďuted to teƌƌestƌial souƌĐes aŶd ďiologiĐal ďǇ-pƌoduĐts iŶ the ǁateƌ 
ďodǇ ;Fƌiŵŵel, ϮϬϬϱͿ. FluoƌesĐeŶĐe data of H“ shoǁs that huŵiĐ suďstaŶĐes aƌe ǁide-
spƌead iŶ the oĐeaŶs ;Helleƌ et al., ϮϬϭϯͿ. HuŵiĐ suďstaŶĐes iŶ seaǁateƌ ĐaŶ ďe diǀided 
depeŶdiŶg oŶ theiƌ soluďilitǇ iŶto tǁo ŵajoƌ ĐoŵpoŶeŶts, fulǀiĐ aĐid ;FAͿ, this ĐoŵpoŶeŶt is 
soluďle iŶ ǁateƌ at all pH, aŶd huŵiĐ aĐid ;HAͿ, ǁhiĐh is iŶsoluďle iŶ ǁateƌ uŶdeƌ aĐidiĐ 
ĐoŶditioŶ ;pH < ϮͿ.  
HuŵiĐ suďstaŶĐes aƌe stƌoŶg ĐaŶdidates foƌ the iƌoŶ ĐoŵpleǆatioŶ iŶ Đoastal aŶd sea 
ǁateƌ ďeĐause theǇ haǀe high attƌaĐtioŶ to Đoŵpleǆ ǁith iƌoŶ ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, 
ϮϬϬϵͿ aŶd theǇ aƌe ƌesistaŶt to degƌadatioŶ ;ƌefƌaĐtoƌǇ oƌgaŶiĐ ŵatteƌͿ ǁith loŶg ƌesideŶĐe 
tiŵe ;ĐeŶtuƌies to ŵilleŶŶiaͿ ;Buffle, ϭϵϵϬͿ. The ŵodel stƌuĐtuƌe of huŵiĐ aĐid is shoǁŶ iŶ 
Fig. ϭ.ϱ ďeloǁ: 
                     
Figuƌe ϭ.ϱ. Model stƌuĐtuƌe of huŵiĐ aĐid ;“teǀeŶsoŶ, ϭϵϵϰͿ. 
 
 
1.4. DeteƌŵiŶatioŶ of huŵiĐ suďstaŶĐes ;HSͿ 
The ƋuaŶtifiĐatioŶ aŶd ĐhaƌaĐteƌisatioŶ of aƋuatiĐ H“ has ďeeŶ studied usiŶg seǀeƌal 
ŵethods, iŶĐludiŶg speĐtƌosĐopiĐ ŵethods ;e.g. fluoƌesĐeŶĐeͿ ;Helleƌ et al., ϮϬϭϯ; Kuŵke et 
al., ϭϵϵϴ; “eŶesi et al., ϭϵϵϭͿ, eleŵeŶtal aŶalǇsis ;Aďďt-BƌauŶ aŶd Fƌiŵŵel, ϮϬϬϮ; HuffŵaŶ 
aŶd “tuďeƌ, ϭϵϴϱͿ, ĐheŵiluŵiŶesĐeŶĐe ;TiaŶ et al., ϮϬϬϱͿ aŶd ǀoltaŵŵetƌiĐ ƌespoŶse of Fe-
H“ Đoŵpleǆ ;Lagleƌa et al., ϮϬϬϳͿ.  
Lagleƌa et al. ;ϮϬϬϳͿ deǀeloped aŶ eleĐtƌoĐheŵiĐal ŵethod that eŶaďles the diƌeĐt 
Ϯϰ 
 
ŵeasuƌe of huŵiĐ like suďstaŶĐes iŶ seaǁateƌ ďǇ ĐathodiĐ stƌippiŶg ǀoltaŵŵetƌǇ ;C“VͿ. This 
ŵethod ďasiĐallǇ ŵeasuƌes the ƌespoŶse of Fe-H“ Đoŵpleǆ iŶ pƌeseŶĐe of ďƌoŵate to 
eŶhaŶĐe the seŶsitiǀitǇ of the Fe-H“ ƌespoŶse thƌough a ĐatalǇtiĐ effeĐt, aŶd theŶ H“ is 
Đaliďƌated usiŶg “uǁaŶŶee ‘iǀeƌ fulǀiĐ aĐid ;“‘FAͿ staŶdaƌd ;Lagleƌa et al., ϮϬϬϳͿ. UsiŶg this 
ŵethod it has ďeeŶ suggested that the H“ ŵaǇ aĐĐouŶt foƌ the eŶtiƌe iƌoŶ-ďiŶdiŶg ligaŶds iŶ 
Đoastal ǁateƌs aŶd the Đo-ǀaƌiatioŶ of Fe ǁith H“ iŶdiĐates that the iƌoŶ is tƌaŶspoƌted fƌoŵ 
estuaƌiŶe aŶd Đoastal to the sea ǁateƌs staďilized ǁith H“ ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ. 
The ĐoŶĐeŶtƌatioŶ of huŵiĐ suďstaŶĐes iŶ the pƌeseŶt studǇ ǁas deteƌŵiŶed ďǇ 
ĐathodiĐ stƌippiŶg ǀoltaŵŵetƌǇ ;C“VͿ iŶ the pƌeseŶĐe of ďƌoŵate as deǀeloped pƌeǀiouslǇ 
;Lagleƌa et al., ϮϬϬϳͿ, ǁith a sŵall diffeƌeŶĐe ǁheƌe the ǀoltaŵŵetƌiĐ appaƌatus ǁas aiƌ-
pƌessuƌised iŶstead of ŶitƌogeŶ as used foƌ the Fe deteƌŵiŶatioŶ ;Aďualhaija aŶd ǀaŶ deŶ 
Beƌg, ϮϬϭϰͿ, as the ƌespoŶse foƌ Fe-H“ ǁas Ŷot affeĐted ďǇ the dissolǀed oǆǇgeŶ ;DOͿ. The 
ĐoŶĐeŶtƌatioŶ of huŵiĐ suďstaŶĐes ǁas deteƌŵiŶed afteƌ the additioŶ of suffiĐieŶt Fe to 
satuƌate the fƌee huŵiĐ suďstaŶĐes folloǁed ďǇ deteĐtioŶ of the Fe-H“ ďǇ C“V ŵethod. 
CaliďƌatioŶ of huŵiĐ suďstaŶĐes ǁas ďǇ staŶdaƌd additioŶs of “uǁaŶŶee ‘iǀeƌ huŵiĐ aĐid 
;“‘HAͿ. The depositioŶ poteŶtial ǁas Ϭ V, ǁith a depositioŶ tiŵe ďetǁeeŶ ϮϬ aŶd ϭϴϬ s 
depeŶdiŶg oŶ the aŵďieŶt Fe aŶd H“ ĐoŶĐeŶtƌatioŶs. The sĐaŶs ǁeƌe iŶitiated fƌoŵ Ϭ V to -ϭ 
V aŶd ǁeƌe iŶ the diffeƌeŶtial-pulse ;DPͿ ŵode ;see Chapteƌ ϯͿ. 
 
1.5. DeteƌŵiŶatioŶ of Ŷatuƌal ligaŶds ;LͿ ďǇ ĐathodiĐ stƌippiŶg ǀoltaŵŵetƌǇ ;CSVͿ 
CoŵpleǆatioŶ ďǇ oƌgaŶiĐ ŵatteƌ doŵiŶates the ĐheŵiĐal speĐiatioŶ of the ďiogeŶiĐ 
ŵetals Đoppeƌ, ziŶĐ, Đoďalt aŶd iƌoŶ iŶ seaǁateƌ ;Ellǁood aŶd VaŶ deŶ Beƌg, ϮϬϬϭ; Gledhill 
aŶd VaŶ DeŶ Beƌg, ϭϵϵϰ; Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϯ; “aito aŶd Moffett, ϮϬϬϭ; ǀaŶ deŶ 
Beƌg et al., ϭϵϴϳͿ. This ĐoŵpleǆatioŶ is iŵpoƌtaŶt ďeĐause it affeĐts the aǀailaďilitǇ of ŵetals 
to oƌgaŶisŵs, foƌ iŶstaŶĐe ďǇ faĐilitatiŶg the uptake of iƌoŶ ;Hassleƌ et al., ϮϬϭϱ; MaldoŶado 
aŶd PƌiĐe, ϭϵϵϵͿ.  
“peĐiatioŶ pƌoĐeduƌes foƌ tƌaĐe ŵetals iŶ seaǁateƌ aƌe ďased eitheƌ oŶ aŶodiĐ 
stƌippiŶg ǀoltaŵŵetƌǇ ;A“VͿ ;Plaǀšić et al., ϭϵϴϮͿ oƌ ĐathodiĐ stƌippiŶg ǀoltaŵŵetƌǇ ;C“VͿ 
;VaŶ DeŶ Beƌg, ϭϵϴϰͿ. The adǀaŶtages of ǀoltaŵŵetƌiĐ stƌippiŶg ŵethods ;A“V aŶd C“VͿ aƌe 
high seŶsitiǀitǇ, sŵall saŵple ǀoluŵe ;ϭϬ ŵl oƌ soͿ, possiďilitǇ of peƌfoƌŵiŶg shipďoaƌd 
Ϯϱ 
 
ŵeasuƌeŵeŶts ;Buffle et al., ϮϬϬϱͿ aŶd the ĐapaďilitǇ of aŶalǇsiŶg ĐheŵiĐal speĐiatioŶ 
diƌeĐtlǇ. The possiďle disadǀaŶtage of ǀoltaŵŵetƌiĐ ŵethods is the poteŶtial of iŶteƌfeƌeŶĐe 
fƌoŵ oƌgaŶiĐ suďstaŶĐes ;Lagleƌa et al., ϮϬϭϭͿ. The CLE-C“V ŵethod ĐaŶ ďe used to 
deteƌŵiŶe the Đoŵpleǆ staďilitǇ ;Log K´FeLͿ aŶd ĐoŶĐeŶtƌatioŶ of Ŷatuƌal ligaŶds, ďut its 
ƌesolutioŶ ǁith ƌespeĐt to the ideŶtitǇ of diffeƌeŶt Ŷatuƌal ĐoŵpouŶds is ƌestƌiĐted if these 
ĐoŵpouŶds haǀe siŵilaƌ Đoŵpleǆ staďilitǇ. Foƌ iŶstaŶĐe the log K foƌ Fe ǁith a sideƌophoƌes 
like DFB is ϭϮ.Ϯ ;Đhapteƌ ϮͿ ǁhilst foƌ huŵiĐ aĐid it is ϭϭ.Ϯ. Otheƌ sideƌophoƌes ŵaǇ haǀe 
Đoŵpleǆ staďilitǇ siŵilaƌ to DFB so it ŵaǇ ďe diffiĐult to ideŶtifǇ those. Otheƌ ĐoŵpouŶds 
that ĐaŶ ďe ideŶtified ďǇ C“V aƌe ǀaƌious thiols ;ĐǇsteiŶe, glutathioŶe, thioaĐetaŵideͿ aŶd 
sulphide ;Al-Faƌaǁati aŶd VaŶ DeŶ Beƌg, ϮϬϬϭ; Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϯ; Le Gall aŶd 
ǀaŶ deŶ Beƌg, ϭϵϵϴͿ.  
The A“V ŵethod ĐaŶ ďe used to deteƌŵiŶe ŵetals that aƌe eleĐtƌoplated at the 
eleĐtƌode aŶd this ŵethod is Ŷot suitaďle foƌ iƌoŶ deteƌŵiŶatioŶ, as iƌoŶ ĐaŶŶot ďe ƌeduĐed 
to the ŵetalliĐ state aŶd eleĐtƌoplated at the eleĐtƌode. CoŶseƋueŶtlǇ the C“V ŵethod is the 
ŵost ĐoŵŵoŶ ŵethod foƌ deteƌŵiŶatioŶ of iƌoŶ aŶd iƌoŶ speĐiatioŶ. The A“V ŵethod does 
Ŷot ƌeƋuiƌe additioŶ of ĐoŵpetiŶg ligaŶd aŶd ĐaŶ ďe used to ŵeasuƌe the ĐoŶĐeŶtƌatioŶ of 
laďile ŵetal ǁithout added ĐoŵpetiŶg ligaŶd. PseudopolaƌogƌaphǇ ĐaŶ ďe used to deteƌŵiŶe 
Đoŵpleǆ staďilities of Đoppeƌ aŶd lead Đoŵpleǆes fƌoŵ the half-ǁaǀe poteŶtial ;GiďďoŶ-
Walsh et al., ϮϬϭϮͿ. But this is Ŷot suitaďle foƌ iƌoŶ due to iŶsuffiĐieŶt seŶsitiǀitǇ ;MikkelseŶ 
et al., ϮϬϬϲͿ. 
C“V of iƌoŶ iŶǀolǀes a pƌe-ĐoŶĐeŶtƌatioŶ step iŶ ǁhiĐh aŶ iƌoŶ-ďiŶdiŶg ligaŶd ;ALͿ is 
added to the seaǁateƌ saŵple to foƌŵ aŶ eleĐtƌo-aĐtiǀe adsoƌptiǀe Đoŵpleǆ ǁith Fe ;IIIͿ. 
TheŶ this Đoŵpleǆ ;FeALͿ is adsoƌďed oŶto a ŵeƌĐuƌǇ eleĐtƌode ;haŶgiŶg ŵeƌĐuƌǇ dƌop 
eleĐtƌode ;HDMEͿͿ at a speĐifiĐ poteŶtial ;depositioŶ stepͿ. The aŵouŶt of adsoƌďed 
Đoŵpleǆ is deteƌŵiŶed ďǇ a ƌeduĐiŶg poteŶtial sĐaŶ ;stƌippiŶg stepͿ usiŶg the C“V ŵethod, 
aŶd this aŵouŶt is diƌeĐtlǇ pƌopoƌtioŶal to the ĐoŶĐeŶtƌatioŶ of dissolǀed FeAL, aŶd thus the 
dissolǀed FeAL is ƌelated to the ĐoŶĐeŶtƌatioŶ of Fe aŶd AL. 
CoŵpetitioŶ foƌ iƌoŶ ďetǁeeŶ added ligaŶd aŶd Ŷatuƌal ĐoŵpleǆiŶg ligaŶd is the ďasis 
foƌ the speĐiatioŶ ŵethods. CateĐhol ǁas the fiƌst ƌepoƌted Đoŵpetitiǀe added ligaŶd foƌ the 
deteƌŵiŶatioŶ of iƌoŶ iŶ seaǁateƌ usiŶg C“V ŵethod ;VaŶ DeŶ Beƌg aŶd HuaŶg, ϭϵϴϰͿ, ďut 
ĐateĐhol ŵethod has a high deteĐtioŶ liŵit, aŶd it is Ŷot suitaďle foƌ oĐeaŶiĐ saŵples. Moƌe 
Ϯϲ 
 
ƌeĐeŶt, fouƌ diffeƌeŶt Đoŵpetitiǀe added ligaŶds haǀe ďeeŶ ƌepoƌted foƌ Fe speĐiatioŶ: ϭ-
Ŷitƌoso-Ϯ Ŷaphthol ;NNͿ ;Gledhill aŶd VaŶ DeŶ Beƌg, ϭϵϵϰͿ, saliĐǇlaldoǆiŵe ;“AͿ ;‘ue aŶd 
BƌulaŶd, ϭϵϵϱͿ, Ϯ-;Ϯ-thiazolǇ-lazoͿ-p-Đƌesol ;TACͿ ;Cƌoot aŶd JohaŶssoŶ, ϮϬϬϬͿ aŶd Ϯ,ϯ-
dihǇdƌoǆǇŶaphthaleŶe ;DHNͿ ;ǀaŶ deŶ Beƌg, ϮϬϬϲͿ ;Taďle ϭ.ϭͿ. IŶ NN ŵethod the pH is 
adjusted to ϲ.ϵ usiŶg PIPE“ ďuffeƌ, ǁhile iŶ “A, DHN aŶd TAC ŵethods is adjusted to 
seaǁateƌ pH ; pH=ϴͿ usiŶg ďoƌate oƌ EPP“ ďuffeƌ.  
IŶ the pƌeseŶt ǁoƌk, the pƌe-eǆistiŶg “A ŵethod ǁas ƌe-ǀisited aŶd iŵpƌoǀed 
;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ, ǁith diffeƌeŶt fiŶdiŶgs aŶd diffeƌeŶt iŶteƌpƌetatioŶ foƌ 
the adsoƌptiǀe eleĐtƌoaĐtiǀe speĐies ;see Chapteƌ ϮͿ. 
The ǀoltaŵŵetƌiĐ appaƌatus used iŶ the pƌeseŶt studǇ ĐoŶsisted of a Metƌohŵ ϲϲϯ VA 
“taŶd ĐoŶŶeĐted to a µAutolaď III poteŶtiostat, ǁhiĐh ǁas Đoŵputeƌ-ĐoŶtƌolled usiŶg the 
GPE“ ϰ.ϵ ;geŶeƌal-puƌpose-eleĐtƌoĐheŵiĐal-softǁaƌeͿ softǁaƌe. The ǁoƌkiŶg eleĐtƌode ǁas a 
haŶgiŶg ŵeƌĐuƌǇ dƌop eleĐtƌode ;HMDEͿ, AgAgCl eleĐtƌode filled ǁith ϯM KCl ǁas used as 
a ƌefeƌeŶĐe eleĐtƌode, ǁheƌeas a glassǇ ĐaƌďoŶ ƌod ǁas the ĐouŶteƌ eleĐtƌode. The 
ǀoltaŵŵetƌiĐ staŶd ǁas ĐoŶŶeĐted to Đoŵpƌessed aiƌ at ϭ ďaƌ ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, 
ϮϬϭϰͿ. VoltaŵŵetƌiĐ sĐaŶs ǁeƌe iŶ diffeƌeŶtial-pulse ŵode. EaĐh saŵple ǁas sĐaŶŶed ϯ 
tiŵes, aŶd the aǀeƌage ǀalue ǁas ƌeĐoƌded as a peak height. Eǆaŵples of the ǀoltaŵŵetƌiĐ 
sĐaŶs aƌe shoǁŶ iŶ ;Fig. ϭ.ϲͿ. The peak foƌ Fe-HA aŶd Fe-“A is at siŵilaƌ poteŶtial Ŷeaƌ -Ϭ.ϰϴ 
V ďut that foƌ Fe-“A ƌeƋuiƌes ĐatalǇsis ďǇ dissolǀed oǆǇgeŶ aŶd that foƌ Fe-HA ƌeƋuiƌes 































































3 µM SA, V=-0.476
5 µM SA, V=-0.480
10 µM SA, V=-0.482
20 µM SA, V=-0.482
40 µM SA, V=-0.482
60 µM SA, V=-0.482
A 
B 
Figure 1.6. Examples of voltammetric scans, A) Fe-HS scans at a constant concentration of Fe and 
different concentrations of SRHA (0, 0.1 and 0.2 mg/l). B) Fe-SA scans at a constant Fe concentration and 




Taďle ϭ.ϭ: Oǀeƌǀieǁ of the oƌgaŶiĐ speĐiatioŶ of iƌoŶ: LoĐatioŶ, Method, ligaŶd ĐoŶĐeŶtƌatioŶs aŶd ĐoŶditioŶal staďilitǇ ĐoŶstaŶts ;ǁith ƌespeĐt to Fe´Ϳ Đoŵpiled fƌoŵ the 
liteƌatuƌe. The oƌigiŶallǇ puďlished ǀalues of Log K´Feϯ+L ǁeƌe ĐoŶǀeƌted to Log K´Fe´L usiŶg Log αFe͛=ϭϬ. 
LoĐatioŶ Depth 
;ŵͿ 






MeƌseǇ estuaƌǇ aŶd Liǀeƌpool ďaǇ ;Iƌish 
“eaͿ  






ϲ.ϭ-ϭϬϱ.Ϭ ϭϭ.ϭ-ϭϭ.ϰ  
Noƌth AtlaŶtiĐ-CeltiĐ “ea Ϯ aŶd ϳϱ This studǇ, ;Aďualhaija 







Noƌth AtlaŶtiĐ- CeltiĐ sea- shelf saŵples  
WesteƌŶ Noƌth AtlaŶtiĐ- ǀeƌtiĐal pƌofile 
Ϯ-ϭϵϱ 
Ϯϲ-ϯϯϰϲ 











Log K´Fe´Lϭ: ϭϮ.Ϯ-ϭϯ.Ϯ 
Log K´Fe´LϮ: ϭϭ.Ϭ-ϭϮ.Ϭ 
Log K´Fe´Lϯ: ϭϬ.ϯ-ϭϭ.Ϭ 
Log K´Fe´Lϰ: ϵ.Ϯ-ϵ.ϵ 
Multiple aŶalǇtiĐal 
ǁiŶdoǁ 
off the Đoast of ŶoƌtheƌŶ aŶd ĐeŶtƌal 
CalifoƌŶia: suƌfaĐe aŶd ďeŶthiĐ ďouŶdaƌǇ 
laǇeƌ ;BBLͿ saŵples 




Log K´Fe´Lϭ: ϭϮ.ϭ-ϭϮ.ϰ 
Log K´Fe´LϮ: ϭϭ.Ϯ-ϭϭ.ϵ 
Log K´Fe´Lϯ: ϭϬ.ϰ-ϭϭ.Ϭ 
Log K´Fe´Lϰ: ϵ.ϯ-ϭϬ.Ϭ 
Multiple aŶalǇtiĐal 
ǁiŶdoǁ 
High latitude Noƌth AtlaŶtiĐ OĐeaŶ ϱ-ϮϮϯϳ ;Mohaŵed et al., ϮϬϭϭͿ TAC Ϭ.Ϯϰ-ϯ.ϭϱ ϭϭ.ϰϳ-ϭϯ.ϴϲ  
“outheƌŶ OĐeaŶ ϭϱ-ϭϬϬϬ ;IďisaŶŵi et al., ϮϬϭϭͿ TAC Ϭ.ϰϳ-ϭ.ϱϭ ϭϭ.ϬϬ-ϭϭ.ϵϱ  
Noƌtheast AtlaŶtiĐ OĐeaŶ Ϯϲ-ϯϵϵϴ ;ThuƌoĐzǇ et al., ϮϬϭϬͿ TAC Ϭ.ϲϱ-ϭ.ϳϲ ϭϭ.ϲϴ-ϭϯ.ϬϬ  
“outheƌŶ OĐeaŶ-AtlaŶtiĐ “eĐtoƌ ϮϬ-ϭϬϬϬ ;BoǇe et al., ϮϬϭϬͿ TAC Ϭ.ϱϴ-Ϭ.ϴϲ ϭϭ.ϬϬ-ϭϮ.ϴϲ  
Noƌtheast AtlaŶtiĐ OĐeaŶ- HuŵiĐ ƌiĐh 
Đoastal ǁateƌ. 
ϭ ;BatĐhelli et al., ϮϬϭϬͿ TAC ϰϲ.ϱ-ϲϬϰ.ϰ ϭϬ.Ϯϯ-ϭϭ.ϵϳ  
- Iƌish “ea- Coastal ǁateƌ 
- PaĐifiĐ OĐeaŶ ;“AFeͿ 
ϭϱ 
ϲϬϬ-ϭϬϬϬ 








TƌopiĐal Noƌtheast AtlaŶtiĐ OĐeaŶ ϯ ;‘ijkeŶďeƌg et al., ϮϬϬϴͿ TAC Ϭ.ϴϮ-ϭ.ϰϲ ϭϭ.ϵϰ-ϭϯ.ϰϭ  
NW PaĐifiĐ Ϯ ;KoŶdo et al., ϮϬϬϴͿ TAC Ϭ.Ϯϵ-Ϯ.ϬϮ ϭϭ.ϵ-ϭϮ.ϱ  
“outheƌŶ OĐeaŶ-IŶdiaŶ “eĐtoƌ ϮϬ-ϮϱϬϬ ;GeƌƌiŶga et al., ϮϬϬϴͿ TAC Ϭ.Ϭϴ-ϭ.ϲϭ ϭϭ.Ϭ-ϭϮ.ϴ  
EasteƌŶ TƌopiĐal Noƌth PaĐifiĐ Ϯ-ϮϬϬ ;HopkiŶsoŶ aŶd Baƌďeau, 
ϮϬϬϳͿ 
TAC Ϭ.Ϯ-ϭ.ϲ ϭϮ.ϭ-ϭϮ.ϴ  
BeƌiŶg “ea-Alaska Ϯ-ϱϳ ;BuĐk aŶd BƌulaŶd, ϮϬϬϳͿ “A Lϭ: Ϭ.ϰ-ϭϴ.Ϭ 
LϮ: ϭ.Ϯ-ϭϱ 
Log K´Fe´Lϭ: ϭϭ.ϭ-ϭϮ.Ϭ 




“Đheldt EstuaƌǇ, NE AtlaŶtiĐ ϭ-Ϯ  ;GeƌƌiŶga et al., ϮϬϬϳͿ TAC ϯϴ.ϴ-ϱϮϲ.Ϭ ϵ.ϱϵ  
Noƌthǁest PaĐifiĐ OĐeaŶ ;“ulu, PhilippiŶe, 
Celeďes, aŶd “outh ChiŶa “easͿ 
ϱ-ϱϯϱϳ ;KoŶdo et al., ϮϬϬϳͿ TAC Ϭ.ϰϯ-ϭ.ϰϲ ϭϮ.Ϭ-ϭϯ.ϴ  
Coluŵďia ‘iǀeƌ-Noƌtheast PaĐifiĐ Ϯ-ϯϭ ;BuĐk et al., ϮϬϬϳͿ “A Lϭ: ϭ.Ϭ-ϱϱ.ϴ 
LϮ: Ϭ.ϰ-ϵ.Ϭ 
Log K´Fe´Lϭ: ϭϭ.ϴ-ϭϯ.ϵ 
Log K´Fe´LϮ: ϭϬ.ϳ-ϭϭ.ϴ 
 
CeŶtƌal Noƌth PaĐifiĐ ;fƌoŵ Haǁaii to “aŶ 
DiegoͿ 
ϯ-ϭϬϬϬ ;ǀaŶ deŶ Beƌg, ϮϬϬϲͿ DHN 
ďƌoŵate 
Ϭ.ϴϲ-Ϯ.ϰϱ ϭϭ.ϰ-ϭϮ.ϯ Model ligaŶds 
Log K´Fe´DFB = ϭϭ.ϱϰ 
“outhǁest PaĐifiĐ OĐeaŶ ϭ–Ϯŵ ;TiaŶ et al., ϮϬϬϲͿ TAC Ϭ.ϲϲ-ϭ.ϳϮ ϭϮ.Ϯ-ϭϯ.ϭ  
Noƌtheast AtlaŶtiĐ OĐeaŶ- CaŶaƌǇ BasiŶ ϭϬ-ϭϱϮ ;GeƌƌiŶga et al., ϮϬϬϲͿ TAC Ϭ.ϴ-ϰ.ϴ ϵ.ϳ-ϭϮ.ϳ  
Noƌthǁest AtlaŶtiĐ OĐeaŶ ϱ-ϱϮϱϲ ;CulleŶ et al., ϮϬϬϲͿ TAC Lϭ: Ϭ.ϴϭ-ϭ.ϭϰ 
LϮ: ϭ.ϭϭ-Ϯ.ϭϭ 
Log K´Fe´Lϭ: ϭϮ.ϳ-ϭϯ.ϭ 
Log K´Fe´LϮ: ϭϭ.ϱ-ϭϭ.ϵ 
 
Noƌtheast AtlaŶtiĐ OĐeaŶ ϭϬ-ϮϬϬϬ ;BoǇe et al., ϮϬϬϲͿ NN ϭ.ϭϳ-ϯ.ϱϮ ϭϬ.ϯϲ-ϭϮ.Ϯϱ  
AtlaŶtiĐ “eĐtoƌ-“outheƌŶ OĐeaŶ ϮϬ-ϭϬϬ ;BoǇe et al., ϮϬϬϱͿ TAC Ϭ.ϲϬ-ϯ.ϱϮ ϭϭ.ϭ-ϭϯ.Ϭ  
AtlaŶtiĐ “eĐtoƌ-“outheƌŶ OĐeaŶ ϭϬ-ϭϱϬϬ ;Cƌoot et al., ϮϬϬϰͿ TAC, NN Ϭ.ϵ-ϯ.Ϭ ϭϭ.ϰ-ϭϯ.ϱ  
Mississippi ‘iǀeƌ ϭ-Ϯ ;Poǁell aŶd WilsoŶ-
FiŶelli, ϮϬϬϯͿ 
TAC ϰ.ϯ-ϲϰ.ϭ ϭϬ.ϰ-ϭϮ.ϯ  
Noƌtheast AtlaŶtiĐ ~ Ϯ ;BoǇe et al., ϮϬϬϯͿ NN ϭ.ϲϬ-ϯ.ϴϴ ϭϬ.ϱ-ϭϭ.ϰ  
PeĐoŶiĐ EstuaƌǇ ,Noƌth AtlaŶtiĐ ϱ ;Goďleƌ et al., ϮϬϬϮͿ NN ϭϳ-ϮϬϵ ϭϮ.ϵ-ϭϰ.ϱ  
AtlaŶtiĐ seĐtoƌ-“outheƌŶ OĐeaŶ ϮϬ-ϰϱϬϬ ;BoǇe et al., ϮϬϬϭͿ NN Ϭ.ϯϳ-ϭ.ϯϵ ϭϬ.ϵ-ϭϯ.Ϭ  
“outh aŶd EƋuatoƌial AtlaŶtiĐ ϭ-ϱϯϬϬ ;Poǁell aŶd DoŶat, ϮϬϬϭͿ “A Ϭ.ϯϯ-Ϯ.ϱϰ ϭϭ.ϭ-ϭϰ.Ϯ  
AƌaďiaŶ sea Ϯϱ-ϲϬϬ ;Witteƌ et al., ϮϬϬϬďͿ NN ϭ.ϰϳ-ϲ.ϯϯ ϭϭ.ϲ-ϭϮ.ϱ  
AtlaŶtiĐ “eĐtoƌ-“outheƌŶ OĐeaŶ ϱ-ϭϭϬ ;Cƌoot aŶd JohaŶssoŶ, 
ϮϬϬϬͿ 
TAC Ϯ.ϰ-ϭϳ.ϲ ϭϬ.ϳ-ϭϭ.ϭ Model ligaŶds 
Log K´Fe´DFB = ϭϲ.ϱ 
Noƌthǁest AtlaŶtiĐ OĐeaŶ ϭϭ-Ϯϴϳϰ ;Witteƌ aŶd Lutheƌ, ϭϵϵϴͿ NN ϭ.ϲϳ-ϰ.ϲϮ ϭϮ.Ϯ-ϭϮ.ϵ  
EƋuatoƌial PaĐifiĐ ϭϱ ;‘ue aŶd BƌulaŶd, ϭϵϵϳͿ “A Lϭ: Ϭ.ϯϭ-ϭ.ϳϱ 
LϮ: Ϭ.ϭϵ-Ϯ.ϬϬ 
Log K´Fe´Lϭ: ϭϭ.Ϯ-ϭϯ.Ϭ 
Log K´Fe´LϮ: ϭϬ.ϲϬ-ϭϭ.ϵϭ 
 
WesteƌŶ MediteƌƌaŶeaŶ ϮϬ-Ϯϱϴϲ ;ǀaŶ deŶ Beƌg, ϭϵϵϱͿ NN 
;HϮOϮ/“
D“Ϳ 
ϯ.ϲ-ϭϯ.Ϭ ϵ.ϰ-ϭϬ.ϱ  
CeŶtƌal Noƌth PaĐifiĐ ϮϬ-ϮϬϬϬ ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ “A Lϭ: Ϭ.ϯϳ-ϭ.ϬϬ 
LϮ: ϭ.ϯ-Ϯ.ϴ 
Log K´Fe´Lϭ: ϭϮ.ϳ-ϭϯ.Ϯ 
Log K´Fe´LϮ: ϭϭ.ϯ-ϭϭ.ϴ 
Model ligaŶds 
Log K´Fe´DFB >ϭϯ 
Log K´Fe´pƌotopoƌphǇƌiŶ-
IX= ϭϮ 





ϯ.Ϭ-ϭϬ.ϭ ϴ.ϴϱ-ϭϭ.ϱϱ  
ϯϬ 
 
1.5.1. CatalǇtiĐ effeĐts iŶ CSV 
IŶ soŵe of the pƌeǀious C“V ŵethods ;suĐh as usiŶg NN aŶd DHN foƌ the adsoƌptiǀe 
ĐoŵpetiŶg speĐiesͿ, aŶ oǆidaŶt has ďeeŶ added to eŶhaŶĐed the ƌeduĐtioŶ peak ƌesulted 
fƌoŵ the ƌe-oǆidatioŶ of Fe ;IIͿ foƌŵed iŶ the stƌippiŶg step. Foƌ eǆaŵple, hǇdƌogeŶ peƌoǆide 
;HϮOϮͿ ǁas used iŶ NN ŵethod ;Gledhill aŶd VaŶ DeŶ Beƌg, ϭϵϵϰͿ aŶd ďƌoŵate ;BƌOϯ-Ϳ iŶ NN 
;AldƌiĐh aŶd ǀaŶ deŶ Beƌg, ϭϵϵϴͿ aŶd DHN ;ǀaŶ deŶ Beƌg, ϮϬϬϲͿ ŵethods, aŶd ŵoƌe ƌeĐeŶt 
ďƌoŵate ;BƌOϯ-Ϳ ǁas used to eŶhaŶĐed the ƌespoŶse of Fe Đoŵpleǆed ǁith huŵiĐ 
suďstaŶĐes ;Lagleƌa et al., ϮϬϬϳͿ. IŶ the pƌeseŶt studǇ dissolǀed oǆǇgeŶ ;DOͿ ǁas used as aŶ 
oǆidaŶt ǁhiĐh Đauses ĐatalǇtiĐ effeĐt ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ ;see Chapteƌ ϮͿ. 
 
1.5.2. EǆpeƌiŵeŶtal aspeĐts  
The ĐoŶĐeŶtƌatioŶs of Fe-ďiŶdiŶg ligaŶds aŶd ĐoŶditioŶal staďilitǇ ĐoŶstaŶts ;K´Fe´LͿ, 
ǁeƌe deteƌŵiŶed iŶ the pƌeseŶt ǁoƌk usiŶg the updated “A ŵethod ;Aďualhaija aŶd ǀaŶ deŶ 
Beƌg, ϮϬϭϰͿ, afteƌ a ĐoŵpetiŶg eƋuiliďƌiuŵ has ďeeŶ estaďlished ďetǁeeŶ the added ligaŶd 
;“AͿ, Ŷatuƌal Fe-ďiŶdiŶg ligaŶds aŶd Fe´. CoŵpleǆiŶg ligaŶd titƌatioŶ pƌoĐeduƌes as 
deteƌŵiŶed iŶ ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ, a laƌge ďuffeƌed seaǁateƌ saŵple ;pH 
ϴ.ϭϴ NB“ sĐaleͿ usiŶg ďoƌate ďuffeƌ ǁas diǀided iŶto suďsaŵples usuallǇ iŶ pƌe-ĐoŶditioŶed 
PFA ;peƌfluoƌoalkoǆǇ alkaŶeͿ ;“aǀilleǆ, Cole-PaƌŵeƌͿ ǀials oƌ ;“teƌiliŶͿ tuďes. Tǁo oƌ thƌee of 
the ǀials ǁeƌe Ϭ added Fe, ǁheƌeas iŶĐƌeasiŶg aŵouŶt of Fe ǁas added to the otheƌ 
suďsaŵples. The iƌoŶ aŶd Ŷatuƌal ĐoŵpleǆiŶg ligaŶds ǁeƌe alloǁed to eƋuiliďƌate foƌ ϭϬ ŵiŶ 
;up to Ϯ hͿ at ƌooŵ teŵpeƌatuƌe. TheŶ ϱ µM “A ǁas added to the suďsaŵples, ǁhiĐh ǁeƌe 
left to eƋuiliďƌate oǀeƌŶight, aŶd theŶ the laďile Fe ǁas deteƌŵiŶed iŶ eaĐh of the 
suďsaŵples usiŶg the C“V ŵethod. All ǀials, ĐoŶtaiŶeƌs as ǁell as ǀoltaŵŵetƌiĐ Đell used iŶ 
the titƌatioŶs ǁeƌe ĐoŶditioŶed tǇpiĐallǇ ϯ tiŵes pƌioƌ to a titƌatioŶ ;see Chapteƌ ϮͿ.  
 
1.5.3. Data iŶteƌpƌetatioŶ ǁith ƌespeĐt to oŶe oƌ ŵoƌe ligaŶds  
The Fe-ďiŶdiŶg ligaŶds aƌe tǇpiĐallǇ desĐƌiďed as oŶe ligaŶd Đlass ;LͿ, tǁo diffeƌeŶt 
Đlasses ;Lϭ aŶd LϮͿ aŶd ƌeĐeŶtlǇ ŵoƌe thaŶ tǁo Đlasses ;Lϭ, LϮ, Lϯ….Ϳ ;Taďle ϭ.ϭͿ. LigaŶd 
Đlasses haǀe ďeeŶ ideŶtified depeŶdiŶg oŶ the ǀalues of ĐoŶditioŶal staďilitǇ ĐoŶstaŶts ;log 
K´Fe´LͿ, ǁheƌe stƌoŶg ligaŶds ;LϭͿ haǀe ǀalues of log K´Fe´L > ϭϮ, ǁhilst ǁeak ligaŶds ;LϮ, Lϯ….Ϳ 
ϯϭ 
 
ǁith log K´Fe´L ǀalues <ϭϮ.  Fƌoŵ the liteƌatuƌe studies, stƌoŶg ligaŶds aƌe geŶeƌallǇ fouŶd iŶ 
oĐeaŶiĐ suƌfaĐe ǁateƌs aŶd aƌe pƌoposed to ďe fƌoŵ ďiologiĐal oƌigiŶ ;Gledhill aŶd BuĐk, 
ϮϬϭϮͿ, ǁheƌeas ǁeak ligaŶds eǆist iŶ ǁhole ǁateƌ ĐoluŵŶ aŶd ŵaǇ haǀe diffeƌeŶt souƌĐes 
iŶĐlude ďiologiĐal pƌoduĐt, huŵiĐ suďstaŶĐes, ƌesuspeŶded sediŵeŶts aŶd degƌadatioŶ of 
stƌoŶg oƌgaŶiĐ ligaŶds ;Hassleƌ et al., ϮϬϭϭa; HuŶteƌ aŶd BoǇd, ϮϬϬϳ; Lagleƌa aŶd ǀaŶ deŶ 
Beƌg, ϮϬϬϵͿ. 
 
1.5.4. The -ĐoeffiĐieŶt aŶd effeĐts of iƌoŶ speĐiatioŶ  
CoŶditioŶal staďilitǇ ĐoŶstaŶts of the Fe-ďiŶdiŶg ligaŶds ĐaŶ ďe eǆpƌessed ǁith ƌespeĐt 
to Fe͛ oƌ Feϯ+, aĐĐoƌdiŶg to this ƌelatioŶship KFeϯ+L= KFe͛L × αFe͛, it is possiďle to ĐoŶǀeƌt KFeϯ+L to 
KFe͛L oƌ ǀiĐe ǀeƌsa usiŶg the ǀalue of αFe͛ ;α-ĐoeffiĐieŶt foƌ iŶoƌgaŶiĐ iƌoŶͿ, ǁheƌe αFe͛= [Fe͛] / 
[Feϯ+]. αFe͛ ǀaƌies ǁith pH aŶd saliŶitǇ ǀalues ;BǇƌŶe et al., ϭϵϴϴͿ, the ǀalue of αFe͛= ϭϬϭϬ ǁas 
used iŶ the pƌeseŶt ǁoƌk at seaǁateƌ pH. The ĐalĐulated ǀalue of αFe͛ usiŶg  the ĐoŶstaŶts 
fƌoŵ ;Liu aŶd Milleƌo, ϮϬϬϮͿ ǁas ϭϬϵ.ϵϴ ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ, ǁhiĐh is alŵost 
the saŵe as that fouŶd pƌeǀiouslǇ at seaǁateƌ pH ;HudsoŶ et al., ϭϵϵϮͿ, ǁheƌeas the 
ĐalĐulated ǀalue at diffeƌeŶt saliŶities ;fƌoŵ ϰ to ϯϱͿ ǁas ďetǁeeŶ ϭϬϵ.ϵϴ aŶd ϭϬϭϬ.Ϯϴ 
;Aďualhaija et al., ϮϬϭϱͿ ;Chapteƌ ϯͿ. All CoŶditioŶal staďilitǇ ĐoŶstaŶts of the Fe-ďiŶdiŶg 
ligaŶds iŶ the pƌeseŶt ǁoƌk aƌe eǆpƌessed ǁith ƌespeĐt to Fe͛. 
The Đoŵpetitiǀe stƌeŶgth ďetǁeeŶ the added ligaŶd aŶd Ŷatuƌal ligaŶds depeŶds oŶ 
the iŶoƌgaŶiĐ side ƌeaĐtioŶ ĐoeffiĐieŶt of Fe ǁith added ;αFeALͿ aŶd Ŷatuƌal ligaŶds ;αFeLiͿ. The 
aŶalǇtiĐal deteĐtioŶ ǁiŶdoǁ of the C“V ŵethod is desĐƌiďed as ;αFeALͿ, the ǀalue of αFeAL ĐaŶ 
ďe ĐhaŶged ďǇ ǀaƌǇiŶg the ĐoŶĐeŶtƌatioŶ of the added ligaŶd oƌ ďǇ usiŶg a diffeƌeŶt added 
ligaŶd that foƌŵs Đoŵpleǆes ǁith Fe´.  
To seleĐt the deteĐtioŶ ǁiŶdoǁ of the C“V ŵethod it is ǀeƌǇ iŵpoƌtaŶt to kŶoǁ that 
the added ligaŶd should outĐoŵpete the iŶoƌgaŶiĐ Đoŵpleǆes of Fe ǁith OH- aŶd shouldŶ͛t 
outĐoŵpete the Ŷatuƌal ligaŶds, that ŵeaŶs the ǀalue of αFeAL should ďe sigŶifiĐaŶtlǇ 
gƌeateƌ thaŶ the ǀalue of αFe´ ďut less thaŶ oƌ eƋual to the ǀalue of αFeLi. The deteĐtioŶ 
ǁiŶdoǁ usiŶg the Ŷeǁ “A ŵethod ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ is eǆpƌessed as: 
 
 αFe“A =KFe´“A× [“A] +BFe´“AϮ× [“AϮ].  
ϯϮ 
 
Multiple deteĐtioŶ ǁiŶdoǁs ǁeƌe used iŶ this thesis ;Đhapteƌ ϰͿ, ϱ deteĐtioŶ ǁiŶdoǁs 
ǁeƌe used ďǇ settiŶg the ĐoŶĐeŶtƌatioŶ of the ĐoŵpetiŶg ligaŶd ;“AͿ at ϱ, ϭϬ, ϭϱ, Ϯϱ aŶd ϱϬ 
µM to deteƌŵiŶe the iƌoŶ speĐiatioŶ aŶd the effeĐt of ǀaƌǇiŶg the deteĐtioŶ ǁiŶdoǁ oŶ the 
iƌoŶ speĐiatioŶ iŶ saŵples fƌoŵ the MeƌseǇ estuaƌǇ aŶd Liǀeƌpool BaǇ. 
“peĐiatioŶ ŵeasuƌeŵeŶts of iƌoŶ iŶĐludiŶg ligaŶd ĐoŶĐeŶtƌatioŶs aŶd ĐoŶditioŶal 
staďilitǇ ĐoŶstaŶts iŶ soŵe of the pƌeǀious liteƌatuƌes haǀe ďeeŶ Đoŵpiled iŶ Taďle ϭ.ϭ. The 
ligaŶd ĐoŶĐeŶtƌatioŶs aŶd ĐoŶditioŶal staďilitǇ ĐoŶstaŶts iŶ the pƌeseŶt studǇ aƌe 
Đoŵpaƌaďle ǁith the ŵost of the studies iŶ Taďle ϭ.ϭ. 
 
 
1.6. SpeĐifiĐ aiŵs of this disseƌtatioŶ 
 IŵpƌoǀiŶg the ĐheŵiĐal speĐiatioŶ of iƌoŶ iŶ seaǁateƌ ;Chapteƌ ϮͿ. 
 TestiŶg the hǇpothesis that huŵiĐ suďstaŶĐes aƌe the pƌedoŵiŶaŶt ligaŶds foƌ iƌoŶ iŶ 
estuaƌiŶe aŶd Đoastal ;Chapteƌ ϯͿ, shelf aŶd opeŶ oĐeaŶ ǁateƌs ;Chapteƌ ϱͿ. 
 To deŵoŶstƌate the ĐoŵpetitioŶ ďetǁeeŶ Đoppeƌ aŶd iƌoŶ foƌ the Ŷatuƌal ligaŶds iŶ 
estuaƌiŶe, Đoastal ;Chapteƌ ϯͿ as ǁell as iŶ sea ǁateƌs.  
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This chapter is adapted from: Aďualhaija, M.M. aŶd ǀaŶ deŶ Beƌg, C.M.G., ϮϬϭϰ. CheŵiĐal speĐiatioŶ of iƌoŶ iŶ 
seaǁateƌ usiŶg ĐatalǇtiĐ ĐathodiĐ stƌippiŶg ǀoltaŵŵetƌǇ ǁith ligaŶd ĐoŵpetitioŶ agaiŶst saliĐǇlaldoǆiŵe. MaƌiŶe 
CheŵistƌǇ, ϭϲϰ;ϬͿ: ϲϬ-ϳϰ. 
  ϰϮ 
2. CHEMICAL SPECIATION OF IRON IN SEAWATER USING 
CATALYTIC CATHODIC STRIPPING VOLTAMMETRY WITH LIGAND 
COMPETITION AGAINST SALICYLALDOXIME 
 
AďstƌaĐt 
The ĐheŵiĐal speĐiatioŶ of iƌoŶ iŶ seaǁateƌ is tǇpiĐallǇ deteƌŵiŶed ďǇ ĐathodiĐ 
stƌippiŶg ǀoltaŵŵetƌǇ ;C“VͿ ŵakiŶg use of ligaŶd ĐoŵpetitioŶ ďetǁeeŶ aŶ eleĐtƌoaĐtiǀe 
ligaŶd added to oďtaiŶ the C“V sigŶal aŶd the Ŷatuƌal ligaŶd to deteƌŵiŶe the Đoŵpleǆ 
staďilitǇ of the Ŷatuƌal speĐies. DiffeƌeŶt pƌoĐeduƌes diffeƌ iŶ the added ligaŶd that is 
seleĐted. ‘eĐeŶt fiŶdiŶgs haǀe suggested that seǀeƌal of these pƌoĐeduƌes suffeƌ fƌoŵ 
iŶteƌfeƌeŶĐe ďǇ huŵiĐ suďstaŶĐes, ǁhiĐh aƌe Ŷoǁ kŶoǁŶ to ďe uďiƋuitous iŶ Đoastal aŶd 
oĐeaŶ ǁateƌs. We ƌe-optiŵise heƌe C“V of iƌoŶ speĐiatioŶ usiŶg saliĐǇlaldoǆiŵe ;“AͿ iŶ 
seaǁateƌ, fiŶdiŶg diffeƌeŶĐes ǁith the pƌe-eǆistiŶg ŵethod, aŶd a diffeƌeŶt iŶteƌpƌetatioŶ foƌ 
the eleĐtƌoaĐtiǀe speĐies. The ŵaiŶ fiŶdiŶgs aƌe that optiŵuŵ seŶsitiǀitǇ is oďtaiŶed at ~ϱ ǆ 
less “A, that the Đoŵpleǆ ƌespoŶsiďle foƌ adsoƌptioŶ oŶ the eleĐtƌode is Fe“A, that the Fe“AϮ 
speĐies does Ŷot adsoƌď, aŶd that the seŶsitiǀitǇ of the ŵethod is ŵuĐh iŵpƌoǀed iŶ the 
pƌeseŶĐe of dissolǀed oǆǇgeŶ ;DOͿ thƌough a ĐatalǇtiĐ effeĐt ;FeII aĐts as ĐatalǇst foƌ the 
ƌeduĐtioŶ of DOͿ. The Đoŵpleǆ staďilitǇ foƌ Đoŵpleǆes of Fe͛ ǁith “A ;Fe“A aŶd Fe“AϮͿ, iŶ pH 
ϴ seaǁateƌ, is Đaliďƌated oǀeƌ a ƌaŶge of “A ĐoŶĐeŶtƌatioŶs ďetǁeeŶ ϭ aŶd ϰϬ µM “A agaiŶst 
EDTA aŶd ďetǁeeŶ ϭ aŶd ϭϬϬ µM “A ǁithout EDTA. Data fittiŶg of the EDTA data gaǀe log 
K͛Fe͛“A = ϲ.ϱϬ ±Ϭ.Ϭϰ aŶd log B͛Fe͛“AϮ = ϭϬ.ϴϱ ±Ϭ.Ϭϴ. The data fits agƌee ǁith the foƌŵatioŶ of aŶ 
eleĐtƌoaĐtiǀe speĐies Fe“A ǁhiĐh is supeƌseded ďǇ a ŶoŶ-eleĐtƌoaĐtiǀe Fe“AϮ at [“A] > ϱ M. 
IŶdepeŶdeŶt ĐaliďƌatioŶ of these staďilitǇ ĐoŶstaŶts oŶ the ďasis of the foƌŵatioŶ of Fe“A iŶ 
ĐoŵpetitioŶ oŶlǇ ǁith the hǇdƌoǆide speĐies of FeIII, ďetǁeeŶ ϭ aŶd ϭϬϬ M “A, ǁithout 
EDTA, gaǀe ǀalues of log K͛Fe͛“A = ϲ.ϱϮ ± Ϭ.Ϭϭ aŶd log B͛Fe͛“AϮ = ϭϬ.ϳϮ ±Ϭ.Ϭϯ. These aƌe the 
ǀalues ǁe pƌopose foƌ the ĐoŶstaŶts as theǇ aƌe iŶdepeŶdeŶt of aŶǇ uŶĐeƌtaiŶties iŶ the 
speĐiatioŶ ǁith EDTA. The siŵilaƌitǇ of these ĐoŶstaŶts to those deteƌŵiŶed ǀia ĐaliďƌatioŶ 
agaiŶst EDTA shoǁs that the speĐiatioŶ of Fe ǁith “A aŶd EDTA is ǁell uŶdeƌstood. The ƌe-
optiŵised ŵethod is applied to a ŵiǆed depth CeltiĐ “ea saŵple, aŶd tǁo GEOT‘ACE“ 
saŵples fƌoŵ the AtlaŶtiĐ, at a “A ĐoŶĐeŶtƌatioŶ of ϱ µM. LigaŶd ĐoŶĐeŶtƌatioŶs ǁeƌe ϭ.ϰϳ 
aŶd ϭ.ϰϵ ŶM iŶ the GEOT‘ACE“ ǁateƌ ;log K͛Fe͛L ǀalues of ϭϭ.ϭ aŶd ϭϭ.ϵͿ aŶd Ϯ.ϱϯ ŶM iŶ the 
CeltiĐ “ea ǁateƌ ;log K͛Fe͛L =ϭϭ.ϱͿ. AppliĐatioŶ of the ŵethod to ligaŶds added to seaǁateƌ 
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gaǀe log K͛Fe͛L ǀalues of ϭϭ.ϲ  Ϭ.ϭ foƌ huŵiĐ aĐid ;“uǁaŶŶee ‘iǀeƌͿ aŶd ϭϮ.Ϯ Ϭ.ϯ foƌ a 
sideƌophoƌe ;desfeƌƌioǆaŵiŶe BͿ. MeasuƌeŵeŶt of the ƌate of dissoĐiatioŶ of the Đoŵpleǆ of 
Fe ǁith the Ŷatuƌal ligaŶd iŶ CeltiĐ seaǁateƌ gaǀe a ǀalue of kFeL = Ϭ.ϬϬϭϯϯ ± Ϭ.ϬϬϬϮ s-ϭ. The 
half-life of this ƌeaĐtioŶ is ϴ.ϳ ŵiŶutes. This ŵeaŶs that a ƌeaĐtioŶ tiŵe of ϭ h is ƌeƋuiƌed 
afteƌ the additioŶ of “A pƌioƌ to aŶalǇsis.  
 
2.1. IŶtƌoduĐtioŶ 
IƌoŶ is oŶe of the ďioaĐtiǀe eleŵeŶts iŶ the oĐeaŶs aŶd is esseŶtial to ŵaƌiŶe 
ŵiĐƌooƌgaŶisŵs, its uptake ĐausiŶg depletioŶ iŶ oĐeaŶ suƌfaĐe ǁateƌs ;MaƌtiŶ aŶd GoƌdoŶ, 
ϭϵϴϴͿ. This depletioŶ is the ƌeasoŶ foƌ liŵitatioŶ of pƌiŵaƌǇ pƌoduĐtiǀitǇ iŶ aďout half of the 
gloďal oĐeaŶs ;BehƌeŶfeld aŶd Kolďeƌ, ϭϵϵϵ; MaƌtiŶ et al., ϭϵϵϭ; Mooƌe et al., ϮϬϬϮͿ. IŶ spite 
of ďeiŶg the ϰth ŵost aďuŶdaŶt eleŵeŶt iŶ the eaƌth s͛ Đƌust ;Wedepohl, ϭϵϵϱͿ, the oĐeaŶiĐ 
ĐoŶĐeŶtƌatioŶ of iƌoŶ is loǁ ;tǇpiĐallǇ <ϭ ŶM iŶ deep ǁateƌsͿ ǁhiĐh is Đaused ďǇ its pooƌ 
soluďilitǇ ;~Ϭ.Ϭϭ ŶM as iŶoƌgaŶiĐ Fe iŶ pH ϴ seaǁateƌ ;Liu aŶd Milleƌo, ϮϬϬϮͿͿ aŶd ďiologiĐal 
uptake. The pooƌ soluďilitǇ is the ƌeasoŶ that iƌoŶ teŶds to ďe ƌeŵoǀed fƌoŵ solutioŶ iŶ 
estuaƌiŶe aŶd Đoastal ǁateƌs, aŶd is tƌaŶspoƌted fƌoŵ laŶd to the opeŶ oĐeaŶ laƌgelǇ ǀia the 
atŵospheƌe ƌatheƌ thaŶ fƌoŵ fluǀial souƌĐes.  
It has ďeeŶ deŵoŶstƌated that oƌgaŶiĐ ĐoŵpleǆatioŶ iŶĐƌeases Fe soluďilitǇ ;Kuŵa et 
al., ϭϵϵϲ; Milleƌo, ϭϵϵϴͿ. Foƌ this ƌeasoŶ the ĐheŵiĐal speĐiatioŶ of iƌoŶ is fuŶdaŵeŶtal to 
uŶdeƌstaŶdiŶg its ŵaƌiŶe geoĐheŵistƌǇ. IƌoŶ oĐĐuƌs iŶ seaǁateƌ iŶ tǁo oǆidatioŶ states: Ϯ-
ǀaleŶt iŶ ĐheŵiĐallǇ ƌeduĐiŶg ĐoŶditioŶs ;LaŶdiŶg aŶd WesteƌluŶd, ϭϵϴϴͿ oƌ ǁheŶ suďjeĐt to 
photoĐheŵiĐal ƌeaĐtioŶs ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϳ; Milleƌ aŶd Kesteƌ, ϭϵϵϰͿ, ǁhilst 
the ϯ-ǀaleŶt, FeIII, is pƌedoŵiŶaŶt iŶ the pƌeseŶĐe of oǆǇgeŶ. This ǁoƌk is oŶ FeIII, as it is the 
pƌedoŵiŶaŶt speĐies iŶ seaǁateƌ iŶ the pƌeseŶĐe of aiƌ. All ŵeasuƌeŵeŶts of oƌgaŶiĐ 
speĐiatioŶ of Fe thus faƌ haǀe ďeeŶ iŶ the pƌeseŶĐe of aiƌ ;BuĐk et al., ϮϬϭϮ; Cƌoot aŶd 
JohaŶssoŶ, ϮϬϬϬ; Gledhill aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰ; ‘ue aŶd BƌulaŶd, ϭϵϵϱͿ ;apaƌt fƌoŵ the 
ďƌief deteĐtioŶ step ǁhiĐh ofteŶ ƌeƋuiƌes paƌtial oǆǇgeŶ ƌeŵoǀalͿ aŶd aƌe theƌefoƌe foƌ FeIII, 
apaƌt fƌoŵ a ƌeĐeŶt ŵethod to deteƌŵiŶe the ĐoŶĐeŶtƌatioŶ of oƌgaŶiĐ FeII-ďiŶdiŶg ligaŶds 
;“tathaŵ et al., ϮϬϭϮͿ. OƌgaŶiĐ ĐoŵpleǆatioŶ of Fe is oŶe of the paƌaŵeteƌs studied as paƌt 
of the GEOT‘ACE“ pƌogƌaŵ aŶd ŵethods foƌ its ŵeasuƌeŵeŶt aƌe still suďjeĐt to 
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deǀelopŵeŶt aŶd iŶteƌĐoŵpaƌisoŶ ;BuĐk et al., ϮϬϭϮͿ. The ƌesult of that iŶteƌĐoŵpaƌisoŶ 
ǁas eŶĐouƌagiŶg ;ƌeasoŶaďle agƌeeŵeŶt ďetǁeeŶ ŵethodsͿ ďut also shoǁed pƌoďleŵs 
;soŵe titƌatioŶs shoǁed ǀaƌiaďilitǇͿ.  
All FeIII speĐiatioŶ ŵethods ŵake use of ĐathodiĐ stƌippiŶg ǀoltaŵŵetƌǇ ;C“VͿ aŶd the 
ŵethods ĐaŶ use eaĐh of seǀeƌal ligaŶds: ϭ-Ŷitƌoso-Ϯ-Ŷapthol ;NNͿ ;Gledhill aŶd ǀaŶ deŶ 
Beƌg, ϭϵϵϰͿ, Ϯ-;Ϯ-thiazolǇlazoͿ-p-Đƌesol ;TACͿ ;Cƌoot aŶd JohaŶssoŶ, ϮϬϬϬͿ, saliĐǇlaldoǆiŵe 
;“AͿ ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ aŶd Ϯ,ϯ-dihǇdƌoǆǇŶaphthaleŶe ;DHNͿ ;ǀaŶ deŶ Beƌg, ϮϬϬϲͿ 
haǀe ďeeŶ used suĐĐessfullǇ. IŶ eaĐh Đase the added ligaŶd foƌŵs a Đoŵpleǆ ;FeALͿ ǁith FeIII 
that adsoƌďs oŶ the ŵeƌĐuƌǇ eleĐtƌode. The aŵouŶt of adsoƌďed Đoŵpleǆ is deteƌŵiŶed ďǇ a 
ƌeduĐiŶg poteŶtial sĐaŶ usiŶg ĐathodiĐ stƌippiŶg ǀoltaŵŵetƌǇ ;C“VͿ, aŶd this aŵouŶt is 
diƌeĐtlǇ ƌelated to the ĐoŶĐeŶtƌatioŶ of dissolǀed FeAL, ǁhiĐh iŶ tuƌŶ is diƌeĐtlǇ ƌelated to the 
ĐoŶĐeŶtƌatioŶ of Fe aŶd AL ǀia the seŶsitiǀitǇ ǁhiĐh is Đaliďƌated ďǇ ŵeaŶs of iŶteƌŶal iƌoŶ 
staŶdaƌd additioŶs. This is used to oďtaiŶ the ĐoŶĐeŶtƌatioŶ of ƌeaĐtiǀe Fe at a ĐoŶstaŶt 
ĐoŶĐeŶtƌatioŶ of AL.  
CoŵpetitioŶ foƌ iƌoŶ ďetǁeeŶ AL aŶd Ŷatuƌal ĐoŵpleǆiŶg ligaŶds is the ďasis foƌ the 
speĐiatioŶ ŵethods. IŶ eaĐh Đase the fƌee FeIII ;that Ŷot ďouŶd ďǇ the Ŷatuƌal ligaŶdsͿ is 
ďouŶd ďǇ the added ligaŶd aŶd deteĐted. CoƌƌeĐtioŶ is ŵade foƌ the fƌee FeIII that is ďouŶd 
ďǇ the added ligaŶd aŶd ǁhiĐh Đauses eƋuiliďƌia to shift. The pƌoĐeduƌes ǀaƌǇ iŶ that 
soŵetiŵes the seŶsitiǀitǇ is iŶĐƌeased ďǇ addiŶg aŶ oǆidaŶt ǁhiĐh Đauses a ĐatalǇtiĐ effeĐt: 
NN has ďeeŶ used ǁithout oǆidaŶt ;Gledhill aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰ; Witteƌ et al., ϮϬϬϬͿ, 
ǁith hǇdƌogeŶ peƌoǆide ;ǀaŶ deŶ Beƌg, ϭϵϵϱͿ aŶd ǁith ďƌoŵate ;AldƌiĐh aŶd ǀaŶ deŶ Beƌg, 
ϭϵϵϴͿ, aŶd DHN ǁith ďƌoŵate ;ǀaŶ deŶ Beƌg, ϮϬϬϲͿ. MeasuƌeŵeŶts usiŶg these ligaŶds ĐaŶ 
ďe ǁithout oǆidaŶt, ďut theŶ a ŵuĐh loŶgeƌ adsoƌptioŶ tiŵe has to ďe iŶĐluded pƌioƌ to the 
ǀoltaŵŵetƌiĐ sĐaŶ, ǁhiĐh ŵaǇ lead to eleĐtƌode satuƌatioŶ aŶd ŶoŶ-liŶeaƌitǇ of ƌespoŶse: foƌ 
iŶstaŶĐe the peak height iŶĐƌeases liŶeaƌlǇ ǁith adsoƌptioŶ tiŵe to ϴ ŵiŶ foƌ ϭ.ϲ ŶM Cu 
Đoŵpleǆed ǁith “A ;Caŵpos aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰͿ, aŶd up to ϯϬ ŵiŶ foƌ Ϯ.ϱ ŶM Fe ;‘ue 
aŶd BƌulaŶd, ϭϵϵϱͿ. The seŶsitiǀitǇ of the ŵethod usiŶg TAC is suffiĐieŶt ǁithout the Ŷeed foƌ 
aŶ added oǆidaŶt. 
‘eĐeŶt ǁoƌk has suggested that FeIII iŶ seaǁateƌ is Đoŵpleǆed ǁith huŵiĐ suďstaŶĐes 
;H“Ϳ ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ. FeIII-H“ iŶ seaǁateƌ giǀes a ƌespoŶse iŶ C“V ǁhiĐh is 
ĐatalǇsed ďǇ ďƌoŵate ;Lagleƌa et al., ϮϬϬϳͿ. This peak oǀeƌlaps ǁith that oďtaiŶed usiŶg 
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DHN/ďƌoŵate, ǁhiĐh iŶteƌfeƌes ǁith the use of this ligaŶd foƌ Fe speĐiatioŶ iŶ the pƌeseŶĐe 
of H“. Fuƌtheƌ ǁoƌk oŶ H“ has also shoǁŶ iŶteƌfeƌeŶĐe ǁith Fe speĐiatioŶ usiŶg TAC aŶd NN, 
ďut that “A aŶd DHN ;ǁithout ďƌoŵateͿ ĐaŶ ďe used ;Lagleƌa et al., ϮϬϭϭͿ. OŶ the otheƌ 
haŶd, TAC ǁas used ƌeĐeŶtlǇ aŶd appaƌeŶtlǇ suĐĐessfullǇ foƌ Fe speĐiatioŶ iŶ the pƌeseŶĐe of 
H“ ;BatĐhelli et al., ϮϬϭϬͿ. This is iŵpoƌtaŶt as H“ oĐĐuƌs iŶ all seaǁateƌ, though the 
ĐoŶĐeŶtƌatioŶ iŶ oĐeaŶ ǁateƌs is loǁ. The pƌeseŶĐe of the H“ Đould ďe paƌt of the ƌeasoŶ foƌ 
the sŵall diffeƌeŶĐes fouŶd ďetǁeeŶ ŵethods tested foƌ the GEOT‘ACE“ iŶteƌĐaliďƌatioŶ 
pƌogƌaŵŵe ;BuĐk et al., ϮϬϭϮͿ. 
The uŶ-ĐatalǇsed DHN ŵethod has pooƌ seŶsitiǀitǇ, ǁhilst the uŶ-ĐatalǇsed “A ŵethod 
has ďeeŶ used suĐĐessfullǇ iŶ the past, e.g. ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ. The “A ŵethod has 
pƌoďleŵs ǁhiĐh haǀe ďeeŶ uŶ-ƌepoƌted aŶd aƌe Ŷot uŶdeƌstood, aŶd ǁhiĐh ŵake it diffiĐult 
to use. Neǀeƌtheless the “A ŵethod is ďeiŶg used foƌ Fe speĐiatioŶ ;BuĐk aŶd BƌulaŶd, ϮϬϬϳ; 
BuĐk et al., ϮϬϬϳͿ ǁith appaƌeŶtlǇ good ƌesults. We haǀe ƌe-ǀisited the “A ŵethod to ƌesolǀe 
the outstaŶdiŶg issues aŶd iŵpƌoǀe the ŵethod. 
 
2.1.1 EǆistiŶg Fe speĐiatioŶ ŵethod usiŶg saliĐǇlaldoǆiŵe 
2.1.1.1. EƋuiliďƌatioŶ tiŵe 
The oƌigiŶal “A ŵethod ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ has ďeeŶ ŵodified slightlǇ, aŶd ƌe-
Đaliďƌated, foƌ estuaƌiŶe ǁateƌs ;BuĐk et al., ϮϬϬϳͿ. The Fe added foƌ the ĐoŵpleǆiŶg ligaŶd 
titƌatioŶ ;Ϭ – ϱ ŶM FeͿ is alloǁed to eƋuiliďƌate ǁith the seaǁateƌ aŶd Ŷatuƌal ligaŶds ďefoƌe 
the “A additioŶ, ǁhiĐh ǁas added afteƌ a fiƌst eƋuiliďƌatioŶ peƌiod. ϭ h eƋuiliďƌatioŶ ǁas 
used afteƌ the Fe additioŶ to the seaǁateƌ ;Ϯ h iŶ the BuĐk ǀeƌsioŶͿ, aŶd a fuƌtheƌ ϭϬ-ϭϱ ŵiŶ 
eƋuiliďƌatioŶ afteƌ the additioŶ of “A ;Ϯϳ.ϱ µM ;BuĐk et al., ϮϬϬϳ; ‘ue aŶd BƌulaŶd, ϭϵϵϱͿ 
aŶd Ϯϱ µM “A ;BuĐk et al., ϮϬϬϳͿͿ. A ŵuĐh loŶgeƌ eƋuiliďƌatioŶ peƌiod ďetǁeeŶ the added 
ligaŶd, the iƌoŶ aŶd the Ŷatuƌal ligaŶds is used iŶ the otheƌ CLE-C“V ŵethods, ǁhiĐh is 
tǇpiĐallǇ oǀeƌŶight ;Cƌoot aŶd JohaŶssoŶ, ϮϬϬϬ; Gledhill aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰ; Witteƌ et 
al., ϮϬϬϬͿ, though theŶ eǀeƌǇthiŶg is eƋuiliďƌated siŵultaŶeouslǇ ǁhiĐh ĐaŶ ďe eǆpeĐted to 
take loŶgeƌ ;ďeĐause the fƌee iƌoŶ ĐoŶĐeŶtƌatioŶ is loǁeƌed ďǇ the added ligaŶdͿ thaŶ the 
seƋueŶtial eƋuiliďƌatioŶ used ǁith “A. The TAC ŵethod uses the seƋueŶtial pƌiŶĐiple ďut still 
eƋuiliďƌates oǀeƌŶight ;Cƌoot aŶd JohaŶssoŶ, ϮϬϬϬͿ.  
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2.1.1.2. Reŵoǀal of dissolǀed oǆǇgeŶ 
The updated “A ŵethod ;BuĐk et al., ϮϬϬϳͿ does Ŷot ƌeŵoǀe dissolǀed oǆǇgeŶ ;DOͿ 
duƌiŶg the ǀoltaŵŵetƌiĐ Fe ŵeasuƌeŵeŶt, ǁhile the otheƌ ŵethods ƌeŵoǀe DO as it 
ŶoƌŵallǇ iŶteƌfeƌes ǁith ǀoltaŵŵetƌiĐ ŵeasuƌeŵeŶt. 
 
2.1.1.3. DeĐƌeasiŶg ƌespoŶse 
The “A ŵethod stipulates that just oŶe ŵeƌĐuƌǇ dƌop is dispeŶsed ;‘ue aŶd BƌulaŶd, 
ϭϵϵϱͿ ǁhiĐh is uŶusual as autoŵated ǀoltaŵŵeteƌs ŶoƌŵallǇ dispeŶse seǀeƌal ďefoƌe usiŶg a 
fƌesh oŶe, aŶd the appaƌatus, oƌ softǁaƌe, ŵaǇ ƌeƋuiƌe ŵodifiĐatioŶ ;the softǁaƌe of the 
BioaŶalǇtiĐal “Ǉsteŵs ;BA“Ϳ ǀoltaŵŵeteƌ does Ŷot ƌeƋuiƌe ŵodifiĐatioŶͿ. The use of a siŶgle 
dƌop ǁas to aǀoid aŶ appaƌeŶt deĐƌease iŶ the ƌespoŶse ǁheŶ a sĐaŶ ǁas ƌepeated usiŶg the 
saŵe solutioŶ, ǁhiĐh ǁas asĐƌiďed to adsoƌptioŶ oŶ the ŵeƌĐuƌǇ dƌops iŶ the Đell ;‘ue aŶd 
BƌulaŶd, ϭϵϵϱͿ. The dƌop-size of the sǇsteŵs used foƌ iƌoŶ speĐiatioŶ ĐaŶ ǀaƌǇ ďǇ a faĐtoƌ of ϴ 
;BuĐk et al., ϮϬϭϮͿ, so this aspeĐt is tested iŶ this ǁoƌk. AŶǇ deĐƌease due to Fe ƌeŵoǀal as a 
ƌesult of adsoƌptioŶ oŶ the ǀoltaŵŵetƌiĐ Đell is eliŵiŶated if a ĐoŶditioŶed Đell is used. 
BeĐause of the deĐƌeasiŶg ƌespoŶse, ƌepeat ŵeasuƌeŵeŶts foƌ Fe-“A oŶ aliƋuots of a 
titƌatioŶ aƌe Đaƌƌied out iŶ sepaƌate aliƋuots, ǁheƌeas otheƌ CLE-C“V ŵethods ƌepeat the 
sĐaŶs iŶ the saŵe Đell. This deĐƌeasiŶg ƌespoŶse is aŶ iŶĐoŶǀeŶieŶĐe of the “A ŵethod as it 
affeĐts ƌepeat sĐaŶs, ĐaliďƌatioŶs aŶd staŶdaƌd additioŶs, aŶd its Đause is at least iŶ paƌt 
ƌesolǀed heƌe.  
A seĐoŶd pƌoďleŵ ǁith the eǆistiŶg C“V ŵethod usiŶg “A is a laƌge ǀaƌiaďilitǇ iŶ the 
seŶsitiǀitǇ ďetǁeeŶ saŵples fƌoŵ diffeƌeŶt depths ;ŵuĐh loǁeƌ seŶsitiǀitǇ foƌ deepeƌ 
saŵplesͿ ;BuĐk et al., ϮϬϭϮͿ. A possiďle eǆplaŶatioŶ is the pƌeseŶĐe of suƌfaĐe-aĐtiǀe 
ĐoŵpouŶds ďut these pƌoďaďlǇ oĐĐuƌ at loǁeƌ leǀels iŶ deep ǁateƌs thaŶ iŶ suƌfaĐe ǁateƌs. 
OĐeaŶiĐ suƌfaĐtaŶt ĐoŶĐeŶtƌatioŶs iŶ suƌfaĐe ǁateƌs aƌe loǁ at <Ϭ.ϬϮ ŵg L-ϭ ;Cƌoot et al., 
ϮϬϬϳͿ suggestiŶg that these aƌe pƌoďaďlǇ Ŷot the Đause of the diffeƌeŶĐe. “olutioŶs foƌ ďoth 
pƌoďleŵs aƌe suggested iŶ this ǁoƌk. AŶ iŵpƌoǀed ŵethod is deǀeloped ǁith ŵuĐh ďetteƌ 
seŶsitiǀitǇ, aŶd the ŵethod is ƌe-Đaliďƌated oǀeƌ aŶ eǆteŶsiǀe ƌaŶge of “A ĐoŶĐeŶtƌatioŶs, 
Ŷoǁ alloǁiŶg ŵeasuƌeŵeŶt at seǀeƌal deteĐtioŶ ǁiŶdoǁs, e.g. ;BuŶdǇ et al., ϮϬϭϰͿ.  
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2.1.2. IdeŶtitǇ of the adsoƌptiǀe iƌoŶ speĐies ǁith SA aŶd effeĐt oŶ ĐaliďƌatioŶ 
The pƌeǀious ǁoƌk ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ deĐided oŶ the ďasis of a liteƌatuƌe ƌeǀieǁ 
that Fe“AϮ is the speĐies that pƌedoŵiŶates aŶd theƌefoƌe adsoƌďs oŶ the eleĐtƌode. It is 
iŵpoƌtaŶt that this is ĐoƌƌeĐt as otheƌǁise the ĐaliďƌatioŶ ǁould oŶlǇ ďe ǀalid at a siŶgle 
Đaliďƌated ĐoŶĐeŶtƌatioŶ of “A ;Ϯϳ.ϱ M iŶ this ĐaseͿ. The papeƌs Đited ;Buƌgeƌ aŶd EgǇed, 
ϭϵϲϱ; Buƌgeƌ et al., ϭϵϲϱͿ disĐuss FeII-“A speĐies aŶd Ŷot the FeIII speĐies oĐĐuƌƌiŶg iŶ the 
pƌeseŶĐe of dissolǀed oǆǇgeŶ ;DOͿ aŶd deteĐted ďǇ C“V. It ĐaŶ theƌefoƌe Ŷot ďe a pƌioƌi 
assuŵed that the ƌeleǀaŶt Fe-“A speĐies is Fe“AϮ. Moƌe ƌeĐeŶt ǁoƌk ;MohaŶtǇ et al., ϭϵϵϰͿ is 
ĐoŶsisteŶt ǁith foƌŵatioŶ of a ϭ:ϭ speĐies of FeIII ǁith “A. The ϭ:ϭ ;Fe:“AͿ speĐies is foƌŵed 
fiƌst uŶless the ϭ:Ϯ ;Fe:Ϯ“AͿ speĐies is staďilized suĐh as ďǇ pi-oƌďital ďoŶdiŶg, foƌ ǁhiĐh theƌe 
is Ŷo eǀideŶĐe foƌ FeIII. This ǁoƌk ǁill deŵoŶstƌate thƌough ŵodeliŶg that the ǀoltaŵŵetƌiĐ 
data fits adsoƌptioŶ of the ϭ:ϭ speĐies, ǁhilst the Fe“AϮ speĐies is foƌŵed at higheƌ [“A], does 
Ŷot adsoƌď aŶd is the Đause foƌ deĐƌeased seŶsitiǀitǇ.  
“A is a ďideŶtate ĐhelatiŶg ageŶt ǁith tǁo fuŶĐtioŶal gƌoups: hǇdƌoǆǇl aŶd oǆiŵe ;-
HC=N-OHͿ ;Tshuŵa et al., ϮϬϬϳͿ. The speĐiatioŶ of Fe ǁith “A is ĐoŵpliĐated ďǇ the 
foƌŵatioŶ of ŵiǆed ligaŶd speĐies ;OH as ǁell as “AͿ ;KeeŶeǇ et al., ϭϵϴϰͿ as ǁell as speĐies 
of the tǇpe Fe“Aǆ. The ŵiǆed FeOH“A speĐies is likelǇ iŶ ǀieǁ of the high staďilitǇ of the Fe-
hǇdƌoǆide speĐies ;pKa = Ϯ.ϲ ;Liu aŶd Milleƌo, ϭϵϵϵͿ foƌ the fiƌst hǇdƌoǆǇl speĐies of Fe, 
FeOHϮ+Ϳ aŶd this ǁould teŶd to iŶĐƌease the staďilitǇ of the ϭ:ϭ ƌatio of Fe aŶd “A as it ǁould 
haǀe a Ŷeutƌal Đhaƌge. Higheƌ oƌdeƌ Fe“Aǆ speĐies ;ǁith oƌ ǁithout OHͿ ďeĐoŵe ŵoƌe 
iŵpoƌtaŶt at higheƌ ĐoŶĐeŶtƌatioŶs of “A ;EgŶeus, ϭϵϳϮͿ aŶd OH gƌoups aƌe added ǁith 
iŶĐƌeasiŶg pH ;KeeŶeǇ et al., ϭϵϴϰͿ. It is theƌefoƌe likelǇ that a speĐies of the tǇpe FeOH“A, 
ǁhiĐh is ϭ:ϭ ǁith ƌespeĐt to Fe aŶd “A aŶd ǁhiĐh has a zeƌo ioŶiĐ Đhaƌge, is foƌŵed ďefoƌe a 
speĐies of the tǇpe FeOH“AϮ, oƌ Fe“AϮ, aŶd the seĐoŶd speĐies ǁill ďe foƌŵed at higheƌ 
ĐoŶĐeŶtƌatioŶ of “A. “A has loŶg ďeeŶ used foƌ the ĐoloƌiŵetƌiĐ deteƌŵiŶatioŶ of FeIII ;Hoǁe 
aŶd MelloŶ, ϭϵϰϬ; ‘eddǇ aŶd ‘ao, ϭϵϳϵͿ aŶd is also used as ĐoƌƌosioŶ iŶhiďitoƌ ǁith 
assoĐiated foƌŵatioŶ of polǇŶuĐleaƌ Đoŵpleǆes ;“ŵith et al., ϮϬϬϯͿ. The aĐiditǇ ĐoŶstaŶts ;pK 
ǀaluesͿ foƌ “A aƌe ϭ.Ϯ ;pKaϭͿ, ϴ.ϱϱ ;pKaϮͿ aŶd ϭϭ.ϳϯ ;pKϯͿ ;ǀalid foƌ ioŶiĐ stƌeŶgth of Ϭ.ϱ, siŵilaƌ 
to seaǁateƌͿ ;Tshuŵa et al., ϮϬϬϳͿ, iŶdiĐatiŶg that the “A ligaŶd is paƌtiallǇ pƌotoŶated at pH 
ϴ, the pH of seaǁateƌ. The Đoŵpleǆ staďilitǇ ǁith FeIII ĐaŶ ďe eǆpeĐted to ďe pH depeŶdeŶt 
due to pƌotoŶatioŶ of “A as ǁell as ŵajoƌ ĐatioŶ ioŶ ĐoŵpetitioŶ aŶd ǀaƌiatioŶ iŶ the 
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hǇdƌoǆide speĐiatioŶ of Fe.  
 
2.1.3. EffeĐt of eleĐtƌode size oŶ seŶsitiǀitǇ 
The seŶsitiǀitǇ, “, is ĐoŵŵoŶlǇ eǆpƌessed as ŶA ŶM-ϭ ŵiŶ-ϭ ǁhiĐh is suitaďle foƌ a giǀeŶ 
eleĐtƌode of ĐoŶstaŶt size. “ ǀaƌies ǁith the ŵeƌĐuƌǇ dƌop size uŶless it is Ŷoƌŵalised to the 
suƌfaĐe aƌea of the eleĐtƌode ;e.g. ŶA ŶM-ϭ ŵiŶ-ϭ ŵŵ-ϮͿ as the C“V ƌespoŶse is diƌeĐtlǇ 
ƌelated to the aƌea of the ŵeƌĐuƌǇ dƌop ;ǀaŶ deŶ Beƌg aŶd HuaŶg, ϭϵϴϰďͿ. Without this 
ĐoƌƌeĐtioŶ the seŶsitiǀitǇ ďetǁeeŶ diffeƌeŶt ŵakes of eleĐtƌode ĐaŶŶot ďe ƌeadilǇ Đoŵpaƌed. 
The liŵit of deteĐtioŶ is Ŷot deteƌŵiŶed ďǇ the dƌop size ďut ďǇ the sigŶal to Ŷoise ƌatio aŶd 
pƌeseŶĐe of iŶteƌfeƌiŶg ƌespoŶses, aŶd the fiŶdiŶgs of this ǁoƌk aƌe ǀalid foƌ all eleĐtƌodes 
aŶd dƌop sizes. 
 
2.2. Methods 
2.2.1. Appaƌatus  
The ǀoltaŵŵetƌiĐ sǇsteŵ ǁas a µAutolaď-III poteŶtiostat ;EĐoĐheŵie, NetheƌlaŶdsͿ 
ĐoŶŶeĐted to a haŶgiŶg ŵeƌĐuƌǇ dƌop eleĐtƌode ;HMDE, Metƌohŵ VAϲϲϯ, “ǁitzeƌlaŶdͿ, the 
ǀoltaŵŵetƌiĐ sǇsteŵ ǁas ĐoŶŶeĐted to a PC ǀia a ϲϲϯ IME iŶteƌfaĐe aŶd ǁas Đoŵputeƌ-
ĐoŶtƌolled usiŶg the GPE“ ϰ.ϵ ;geŶeƌal-puƌpose-eleĐtƌoĐheŵiĐal-softǁaƌeͿ softǁaƌe. The 
eleĐtƌodes iŶ the staŶd ǁeƌe a staŶdaƌd HMDE Đaƌtƌidge, a glassǇ ĐaƌďoŶ ĐouŶteƌ eleĐtƌode 
aŶd a douďle-juŶĐtioŶ, ƌefeƌeŶĐe eleĐtƌode ǁith the ďƌidge ;TefloŶͿ aŶd ƌefeƌeŶĐe Đaƌtƌidge 
filled ǁith ϯ M KCl. The size of the ŵeƌĐuƌǇ dƌops ǁas set to ϯ ;the laƌgest settiŶgͿ ǁith a 
suƌfaĐe aƌea of ~Ϭ.ϱ ŵŵϮ. The stiƌƌeƌ ǁas a ƌotatiŶg PTFE ƌod, set to stiƌƌiŶg speed ϱ. The 
ǀoltaŵŵetƌiĐ Đell ǁas PTFE.  
The eleĐtƌode staŶd ǁas iŶitiallǇ pƌessuƌised usiŶg NϮ at ϭ Baƌ, ďut this ǁas lateƌ 
ŵodified to aiƌ ;fƌoŵ a ĐǇliŶdeƌͿ at ϭ Baƌ. IŶ soŵe of ouƌ eǆpeƌiŵeŶts the NϮ-ďlaŶketiŶg ǁas 
ďloĐked ďǇ ĐlosiŶg a ǀalǀe ďut this ǁas fouŶd to Đause pƌoďleŵs ǁith the ŵakiŶg of the 
ŵeƌĐuƌǇ dƌops. IŶ the Ŷeǁ ŵethod, ǁith the aiƌ-pƌessuƌised sǇsteŵ, saŵples ǁeƌe ďlaŶketed 
ǁith aiƌ duƌiŶg the aŶalǇses.  
VoltaŵŵetƌiĐ sĐaŶs ǁeƌe iŶ the diffeƌeŶtial-pulse ŵode siŵilaƌ to pƌeǀiouslǇ puďlished 
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ǁoƌk ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ, ǁith a shoƌteƌ iŶteƌǀal aŶd ŵodulatioŶ tiŵe pƌoǀidiŶg 
iŵpƌoǀed seŶsitiǀitǇ. The adsoƌptioŶ poteŶtial ǁas Ϭ V, adsoƌptioŶ tiŵe ϭϮϬ s, eƋuiliďƌatioŶ 
tiŵe ϭϬ s ;uŶstiƌƌedͿ, ŵodulatioŶ tiŵe Ϭ.ϬϬϰ s, iŶteƌǀal tiŵe Ϭ.ϭ s, step poteŶtial ϲ ŵV, 
ŵodulatioŶ aŵplitude ϱϬ ŵV; the sĐaŶ ǁas fƌoŵ Ϭ to -Ϭ.ϴϱ V.  
The ŵeƌĐuƌǇ dƌop ƌeŶeǁal ǁas ƌeduĐed to just a siŶgle dƌop peƌ ŵeasuƌeŵeŶt foƌ 
soŵe eǆpeƌiŵeŶts ;the staŶdaƌd settiŶg is ϱ dƌops, of ǁhiĐh the last oŶe is usedͿ, ǁhilst iŶ 
the fiŶal pƌoĐeduƌe ϯ dƌops aƌe dispeŶsed, to ŵiŶiŵise the ŵeƌĐuƌǇ iŶ the Đell aŶd ǁastage, 
Ŷot to ŵiŶiŵise adsoƌptioŶ oŶ ǁaste ŵeƌĐuƌǇ as this did Ŷot oĐĐuƌ. This iŶǀolǀed ŵakiŶg a 
ŵiŶoƌ ĐhaŶge iŶ the GPE“ softǁaƌe: usiŶg a teǆt editoƌ ;ŶotepadͿ, opeŶ the file 
“Y“DEFϰϬ.INP ;iŶ the Autolaď diƌeĐtoƌǇͿ; iŶ liŶe Ϯϵ ĐhaŶge the Ŷuŵďeƌ fƌoŵ ϱ to ϯ. Hoǁeǀeƌ, 
ŵeasuƌeŵeŶts ǁeƌe fouŶd to ǁoƌk just as ǁell ǁith aŶǇ Ŷuŵďeƌ of dƌops. 
“eaǁateƌ ;Ϭ.Ϯ µŵ filteƌedͿ ǁas UV-digested to pƌepaƌe oƌgaŶiĐ-fƌee UV-“W usiŶg a 
hoŵe-ďuilt appaƌatus ǁith a ϭϮϱ-W high-pƌessuƌe ŵeƌĐuƌǇ ǀapouƌ laŵp ;ϭ hͿ ;VaŶ DeŶ Beƌg, 
ϮϬϭϰͿ, usiŶg ϯϬ ŵL Ƌuaƌtz saŵple tuďes. This sǇsteŵ ǁas tested to ďƌeak doǁŶ ϴ ŵg L-ϭ HA 
added to seaǁateƌ. 
“aŵple ;LDPE, NalgeŶeͿ aŶd ƌeageŶt ďottles ;“teƌiliŶ, polǇethǇleŶe, Fisheƌ “ĐieŶtifiĐͿ 
ǁeƌe soaked iŶ hot deteƌgeŶt ;ϭ ǁeekͿ, theŶ iŶ aĐid ;ϭ M HCl ϭ ǁeekͿ aŶd fiŶallǇ filled ǁith 




Milli-Q ǁateƌ ;Millipoƌe, UKͿ of ϭϴ MΩ.Đŵ ƌesistiǀitǇ ǁas used to pƌepaƌe ƌeageŶts aŶd 
foƌ dilutioŶs. Metal staŶdaƌd solutioŶs fƌoŵ atoŵiĐ aďsoƌptioŶ staŶdaƌd solutioŶs ;BDH, UKͿ 
ǁeƌe diluted ǁith ǁateƌ aŶd HCl ǁas added ;ϭϬ µL ϵM HCl /ϭϬ ŵLͿ to a pH of Ϯ. The HCl ǁas 
tƌaĐe aŶalǇsis gƌade ;Fisheƌ “ĐieŶtifiĐͿ, aŶd the aŵŵoŶia ǁas Optiŵa gƌade ;Fisheƌ 
“ĐieŶtifiĐͿ. Buffeƌ solutioŶs ǁeƌe ϭ M ďoƌiĐ aĐid/ Ϭ.ϯϱ M aŵŵoŶia ;fiŶal pH ϴ.ϭϴ afteƌ ϭϬϬǆ 
dilutioŶ iŶ seaǁateƌͿ. The pH ǁas oŶ the NB“ pH sĐale. “toĐk solutioŶs of “A ;AĐƌos, Fisheƌ 
“ĐieŶtifiĐ, ϵϴ% puƌitǇͿ ǁeƌe Ϭ.ϭ M “A iŶ Ϭ.ϭ M HCl aŶd iŶ ŵethaŶol ;eƋual ƌesults ǁeƌe 
oďtaiŶedͿ, ǁhiĐh ǁeƌe diluted ǁith ǁateƌ as ƌeƋuiƌed. These ǁeƌe stoƌed iŶ polǇethǇleŶe 
ďottles.  
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“eaǁateƌ fƌoŵ the CeltiĐ “ea ;saliŶitǇ ϯϱ.ϬͿ ǁas used foƌ optiŵisatioŶ eǆpeƌiŵeŶts. 
This ǁas ĐolleĐted ϯϬ/Ϭϲ/ϮϬϭϮ, at ϰϴ.ϯϯ oN / ϵ.ϰϯ oW, aŶd ǁas stoƌed iŶ a ϱϬ L ĐaƌďoǇ 
Đoǀeƌed ǁith ďlaĐk plastiĐ.  
Model ligaŶds ǁeƌe “uǁaŶŶee ‘iǀeƌ huŵiĐ aĐid ;“‘HAͿ aŶd DFB ;defeƌoǆaŵiŶe, 
ŵesǇlate salt, “igŵa AldƌiĐh, puƌitǇ ≥ϵϮ.ϱ%, ŵoleĐulaƌ ǁeight ϲϱϲ.ϴͿ ǁhiĐh ǁeƌe dissolǀed iŶ 
ǁateƌ: the “‘HA stoĐk solutioŶ ĐoŶtaiŶed ϭ g L-ϭ, aŶd the DFB stoĐk solutioŶ ǁas Ϭ.ϭ M, ďoth 
diluted ǁith MQ as ƌeƋuiƌed. The DFB ĐoŶĐeŶtƌatioŶ ǁas Ŷot ĐoƌƌeĐted foƌ its ĐoŵpositioŶ 
puƌitǇ. 
GEOT‘ACE“ saŵples ϳϱϱϲ aŶd ϴϬϰϳ ǁeƌe ĐolleĐted ďǇ GeoffƌeǇ “ŵith ;OĐeaŶ “ĐieŶĐes, 
UŶiǀeƌsitǇ of CalifoƌŶia “aŶta CƌuzͿ: Bottle #ϳϱϱϲ: at “tatioŶ ϭϴ fƌoŵ a depth of ϳϱ ŵ oŶ 
ϭϮ/ϭ/ϮϬϭϭ at Ϯϰ.ϭϰϵ deg N ďǇ ϰϬ.ϮϮϮ deg W. Bottle #ϴϬϰϳ ǁas ĐolleĐted fƌoŵ the GeoFish 
;~Ϯ ŵ depthͿ upoŶ aƌƌiǀal at “tatioŶ Ϯϰ oŶ ϭϮ/ϵ/ϭϭ at ϭϳ.ϰϴϰ deg N ďǇ Ϯϰ.ϲϵϭ deg W. These 
ǁeƌe filteƌed ;Ϭ.Ϯ ŵͿ aŶd theŶ stoƌed fƌozeŶ.  
 
2.2.3. Modified pƌoĐeduƌe to deteƌŵiŶe total dissolǀed Fe 
The ǁateƌ ǁas filteƌed ;Ϭ.Ϯ µŵ “aƌtoďƌaŶ ĐaƌtƌidgeͿ aŶd stoƌed aĐidified if used oŶlǇ foƌ 
ŵetal deteƌŵiŶatioŶ, oƌ fƌozeŶ if used foƌ speĐiatioŶ. Total Fe ĐoŶĐeŶtƌatioŶs ǁeƌe 
deteƌŵiŶed afteƌ aĐidifiĐatioŶ ;ϮϬ µL of ϱϬ % HCl iŶto ϭϬ ŵL seaǁateƌ to giǀe pH ϭ.ϵͿ of the 
seaǁateƌ, “A ǁas added ;ϱ µM “AͿ, aŶd the saŵple alloǁed to staŶd foƌ seǀeƌal houƌs. TheŶ 
aŵŵoŶia ǁas added to appƌoǆiŵatelǇ Ŷeutƌalise the pH aŶd the ďuffeƌ ;fiŶal ĐoŶĐeŶtƌatioŶ 
ϭϬ ŵM ďoƌateͿ ǁas added. ϭϬ ŵL of the seaǁateƌ ǁas pipetted iŶto the ǀoltaŵŵetƌiĐ Đell. 
The solutioŶ ǁas aiƌ-puƌged ;Ϯ ŵiŶͿ pƌioƌ to the fiƌst sĐaŶ, if it ǁas suspeĐted to ďe out of 
eƋuiliďƌiuŵ ;foƌ iŶstaŶĐe ďǇ UV-digestioŶͿ, aŶd aiƌ-ďlaŶketed. ‘epeat sĐaŶs aŶd sĐaŶs afteƌ 
iƌoŶ additioŶs ǁeƌe ŵade iŶ the saŵe solutioŶ ǁithout ĐhaŶgiŶg the Đell aŶd ǁithout fuƌtheƌ 
puƌgiŶg. Thƌee ǀoltaŵŵetƌiĐ sĐaŶs ǁeƌe ŵade usiŶg aŶ adsoƌptioŶ tiŵe of tǇpiĐallǇ Ϯ ŵiŶ. 
The Fe ƌespoŶse ǁas ŵeasuƌed ďǇ the softǁaƌe ďefoƌe iŶitiatiŶg the Ŷeǆt sĐaŶ. Moƌe sĐaŶs 
ǁeƌe ŵade if the peak height of the sĐaŶs ǀaƌied ŵoƌe thaŶ a feǁ %, aŶd the solutioŶ ǁas 
ƌeplaĐed if theƌe ǁas a sǇsteŵatiĐ ĐhaŶge, foƌ iŶstaŶĐe as a ƌesult of Fe adsoƌptioŶ oŶ aŶ uŶ-
ĐoŶditioŶed Đell. The fiƌst iƌoŶ staŶdaƌd additioŶ ǁas ŵade suffiĐieŶt to at least douďle the 
oƌigiŶal peak aŶd thƌee ŵoƌe sĐaŶs ǁeƌe ŵade. A seĐoŶd iƌoŶ staŶdaƌd additioŶ ǁas ŵade 
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to ĐoŶfiƌŵ the seŶsitiǀitǇ if ŶeĐessaƌǇ. The seŶsitiǀitǇ ǁas ĐalĐulated fƌoŵ the iŶĐƌease iŶ 
ƌespoŶse aŶd used to ĐalĐulate the Fe ĐoŶĐeŶtƌatioŶ iŶ the saŵple.  
 
2.2.4. CaliďƌatioŶ of the ĐoŶditioŶal staďilitǇ ĐoŶstaŶts foƌ SA ǁith Fe iŶ seaǁateƌ 
;K’Fe’SA aŶd B’Fe’SAϮͿ ďǇ ĐoŵpetitioŶ ǁith EDTA 
Fe ;ϱ ŶMͿ ǁas added to UV-“W ;ϭϮϬ ŵLͿ ďuffeƌed ǁith ďoƌate pH ďuffeƌ to pH ϴ.ϭϴ. ϭϬ 
ŵL aliƋuots of this ǁateƌ ǁeƌe tƌaŶsfeƌƌed to polǇethǇleŶe ǀessels ;ϯϬ ŵL “teƌiliŶͿ aŶd EDTA 
;fiŶal ĐoŶĐeŶtƌatioŶ ďetǁeeŶ Ϭ aŶd ϱ µM EDTA iŶ ϭϮ sepaƌate stepsͿ ǁas added to the ǁateƌ. 
This ǁas eƋuiliďƌated foƌ aďout ϭϱ ŵiŶ. TheŶ “A ǁas added to eaĐh aliƋuot aŶd left to 
eƋuiliďƌate oǀeƌŶight ďefoƌe deteĐtioŶ of Fe-“A ǁas iŶitiated. The ƌespoŶse foƌ Fe-“A ǁas 
deteƌŵiŶed ďǇ C“V ;Ϯ ŵiŶ adsoƌptioŶ tiŵe at Ϭ VͿ. The solutioŶs ǁeƌe aiƌ-puƌged Ϯ ŵiŶ pƌioƌ 
to the fiƌst ŵeasuƌeŵeŶt. Thƌee sĐaŶs ǁeƌe ŵade to deteƌŵiŶe the ƌespoŶse foƌ Fe-“A at 
eaĐh “A ĐoŶĐeŶtƌatioŶ, aŶd the aǀeƌage ƌesult ǁas used. IŶ sepaƌate eǆpeƌiŵeŶts the 
ĐaliďƌatioŶ agaiŶst EDTA ǁas ƌepeated at “A ĐoŶĐeŶtƌatioŶs of ϭ, Ϯ, ϱ, ϭϬ, ϮϬ, ϯϬ aŶd ϰϬ µM 
“A. 
 
2.2.5. CaliďƌatioŶ ǁithout EDTA 
The ƌespoŶse foƌ Fe ǁas ŵeasuƌed at ǀaƌious ĐoŶĐeŶtƌatioŶs of “A. IŶ this Đase the 
eǆpeƌiŵeŶt ǁas Đaƌƌied out iŶ the ǀoltaŵŵetƌiĐ Đell: ϭϬ ŵL of UV-“W ǁas plaĐed iŶ the Đell, 
the Fe ĐoŶĐeŶtƌatioŶ ǁas ƌaised, iŶ sepaƌate eǆpeƌiŵeŶts, to ϭ, ϯ aŶd ϭϬ ŶM Fe, the ǁateƌ 
ǁas aiƌ-puƌged ;ϭϮϬ sͿ aŶd “A ǁas added fƌoŵ ϭ to ϭϬϬ M “A. ϱ ŵiŶ ƌeaĐtioŶ tiŵe ǁas 
alloǁed afteƌ eaĐh additioŶ aŶd ϯ sĐaŶs ǁeƌe ŵade usiŶg aŶ adsoƌptioŶ tiŵe of ϭϮϬ s at ϭ 
aŶd ϯ ŶM Fe, aŶd of ϯϬ s at ϭϬ ŶM Fe. 
 
2.2.6. PƌoĐeduƌe to deteƌŵiŶe the ĐoŶĐeŶtƌatioŶ of uŶkŶoǁŶ iƌoŶ ĐoŵpleǆiŶg 
ligaŶds: ĐoŵpleǆiŶg ligaŶd titƌatioŶs 
Boƌate ďuffeƌ ǁas added to ϭϱϬ ŵL seaǁateƌ ;fiŶal ĐoŶĐeŶtƌatioŶ ϭϬ ŵM giǀiŶg pHNB“ 
ϴ.ϭϴͿ. ϭϮ ϭϬ-ŵl aliƋuots of this ǁateƌ ǁeƌe pipetted iŶto polǇethǇleŶe ;“teƌiliŶͿ tuďes ;ϯϬ 
ŵLͿ, ĐoŶtaiŶiŶg Fe additioŶs to giǀe a ƌaŶge Ϭ to ϴ ŶM Fe. Tǁo of the tuďes ǁeƌe Ϭ added Fe. 
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The iƌoŶ aŶd Ŷatuƌal ĐoŵpleǆiŶg ligaŶds ǁeƌe alloǁed to eƋuiliďƌate ϭϬ ŵiŶ ;up to Ϯ hͿ at 
ƌooŵ teŵpeƌatuƌe. TheŶ ϱ µM “A ǁas added to the aliƋuots, ǁhiĐh ǁeƌe left to eƋuiliďƌate 
oǀeƌŶight ;at least ϲ hͿ, aŶd theŶ the ǁateƌ ǁas tƌaŶsfeƌƌed to the ǀoltaŵŵetƌiĐ Đell ;PTFEͿ. 
The “teƌiliŶ tuďes aŶd otheƌ ĐoŶtaiŶeƌs used foƌ the titƌatioŶs ǁeƌe ĐoŶditioŶed tǇpiĐallǇ ϯǆ 
pƌioƌ to a titƌatioŶ ďǇ settiŶg up aŶd disĐaƌdiŶg the titƌatioŶ aďout ϯ h lateƌ oƌ afteƌ oǀeƌŶight 
eƋuiliďƌatioŶ. UsuallǇ the thiƌd oŶe ǁas ŵeasuƌed although the titƌatioŶ ǁas ƌepeated. The 
saŵe tuďes ǁeƌe used at the saŵe Fe ĐoŶĐeŶtƌatioŶ eaĐh tiŵe. It ŵaǇ ďe ŶeĐessaƌǇ to ƌe-
ĐoŶditioŶ the tuďes ďetǁeeŶ saŵples, oƌ ƌepeat the titƌatioŶ, if sigŶifiĐaŶt diffeƌeŶĐes iŶ 
ĐoŶĐeŶtƌatioŶs of Fe aŶd L aƌe aŶtiĐipated ďetǁeeŶ oŶe saŵple aŶd the Ŷeǆt. The 
ǀoltaŵŵetƌiĐ Đell ǁas ĐoŶditioŶed ϯ tiŵes ǁith seaǁateƌ ǁithout added Fe, ǁith ϱ µM “A, 
pƌioƌ to the staƌt of a titƌatioŶ. The iƌoŶ Đoŵpleǆed ǁith the added “A ǁas deteƌŵiŶed ďǇ 
C“V, usiŶg a Ϯ ŵiŶ adsoƌptioŶ tiŵe. LiŶeaƌ least sƋuaƌe ƌegƌessioŶ of [Felaďile]/[FeL] as a 
fuŶĐtioŶ of [Felaďile] ǁas used to oďtaiŶ ǀalues foƌ the ĐoŶĐeŶtƌatioŶ of iƌoŶ ďiŶdiŶg ligaŶds 
;CLͿ fƌoŵ the slope aŶd the ĐoŶditioŶal staďilitǇ ĐoŶstaŶt ;K͛FeLͿ fƌoŵ the Y-aǆis iŶteƌĐept, 
aĐĐoƌdiŶg to this ƌelatioŶship ;ǀaŶ deŶ Beƌg, ϮϬϬϲͿ: 
[Felaďile]/[FeL]=[Felaďile]/CL + ;Fe+Fe“A+Fe“AϮͿ/;CLK'FeLͿ ;ϭͿ 
aŶalogous to that used ďefoƌe ;ǀaŶ deŶ Beƌg, ϮϬϬϲͿ. The data ǁas ĐoƌƌeĐted foƌ the eǆteŶt of 
uŶdeƌsatuƌatioŶ of L ;TuƌoĐzǇ aŶd “heƌǁood, ϭϵϵϳͿ.  
Coŵpaƌatiǀe data fittiŶg ǁas Đaƌƌied out usiŶg softǁaƌe fƌoŵ Daƌio OŵaŶoǀiĐ 
;OŵaŶoǀić et al., ϮϬϭϱͿ, ǁhiĐh fits the data siŵultaŶeouslǇ to seǀeƌal fittiŶg ŵethods, liŶeaƌ 
aŶd ŶoŶ-liŶeaƌ, usiŶg the saŵe theoƌǇ as that used iŶ this ǁoƌk. 
 
2.3. Results 
2.3.1. PƌeliŵiŶaƌǇ optiŵizatioŶ 
C“V of Fe usiŶg the eǆistiŶg “A ŵethod ;Ϯϱ µM “A, pH ϴ.Ϯ, Ŷo puƌgiŶgͿ ;BuĐk et al., 
ϮϬϬϳͿ usiŶg NϮ ďlaŶketiŶg as iŶ the oƌigiŶal ŵethod ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ shoǁed that the 
Fe peak deĐƌeased ƌapidlǇ, deĐƌeasiŶg ďǇ ŵoƌe thaŶ half ǁithiŶ ϱ ŵiŶ, aŶd to Ŷeaƌ-zeƌo afteƌ 
aďout ϭϱ ŵiŶ ;Fig. Ϯ.ϭͿ. This deĐƌease Đould ďe oŶe of the ƌeasoŶs that, usiŶg that ŵethod 
;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ, ƌepeat sĐaŶs Ŷeeded to ďe Đaƌƌied out iŶ sepaƌate aliƋuots. 
AĐĐoƌdiŶg to the ŵodified ŵethod ;BuĐk et al., ϮϬϬϳͿ the solutioŶ ;Fig. Ϯ.ϭͿ is Ŷot puƌged, 
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ǁhiĐh ŵeaŶt that ŵeasuƌeŵeŶt is ƌelatiǀelǇ ƋuiĐk ǁhiĐh ŵiŶiŵizes the deĐƌease iŶ the Fe-
ƌespoŶse iŶ the fiƌst sĐaŶ. This deĐƌease ǁas iŶǀestigated iŶ fuƌtheƌ eǆpeƌiŵeŶts. 
IŶ pƌeliŵiŶaƌǇ eǆpeƌiŵeŶts ǁe atteŵpted to add aŶ oǆidaŶt to iŵpƌoǀe the seŶsitiǀitǇ 
ďǇ a ĐatalǇtiĐ effeĐt, aŶd to peƌhaps also staďilize the ƌespoŶse. The ƌespoŶse of Fe-“A ǁas 
Ŷot eŶhaŶĐed ďǇ ďƌoŵate, ďut it ǁas iŶĐƌeased ďǇ hǇdƌogeŶ peƌoǆide ;HϮOϮͿ. As dissolǀed 
oǆǇgeŶ ;DOͿ is ƌeduĐed to HϮOϮ at the eleĐtƌode at poteŶtials <-Ϭ.ϭ V aŶd ŵight theƌefoƌe 
haǀe a siŵilaƌ effeĐt, ǁe atteŵpted to iŶĐƌease, oƌ at least staďilise, the seŶsitiǀitǇ, ďǇ 
staďilisiŶg the ĐoŶĐeŶtƌatioŶ of DO iŶ the solutioŶ. Autoŵated ŵeƌĐuƌǇ eleĐtƌode staŶds 
tǇpiĐallǇ iŶĐlude a faĐilitǇ foƌ puƌgiŶg ǁith ŶitƌogeŶ ;NϮͿ: this iŶĐludes the Metƌohŵ VAϲϲϯ 
staŶd used heƌe, the BA“i ŵodel used foƌ the iŶteƌĐoŵpaƌisoŶ studǇ ;BuĐk et al., ϮϬϭϮͿ aŶd 
the PA‘ϯϬϯ eleĐtƌode used elseǁheƌe ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ. The puƌgiŶg is softǁaƌe 
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NϮ Ϯϱ µM “A 
Figuƌe Ϯ.Ϯ. Fe peak height as a fuŶĐtioŶ of tiŵe usiŶg the eǆistiŶg ŵethod ;left haŶd sĐale, ƌespoŶse 
deĐƌeasiŶgͿ aŶd usiŶg the Ŷeǁ ŵethod ;ƌight haŶd sĐale, staďle ƌespoŶseͿ. The ĐoŶĐeŶtƌatioŶ of iƌoŶ ǁas ϱ 
ŶM, the seaǁateƌ had ďeeŶ UV-digested aŶd ĐoŶtaiŶed ϭϬ ŵM ďoƌate pH ďuffeƌ, pH ϴ.ϭϴ, the adsoƌptioŶ 
tiŵe ǁas ϭϮϬ s. The eleĐtƌode ǁas pƌessuƌised usiŶg NϮ iŶ the old ŵethod, usiŶg aiƌ iŶ the Ŷeǁ ŵethod. The 
ĐoŶĐeŶtƌatioŶ of “A ǁas ϱ M oƌ Ϯϱ M as iŶdiĐated. The peak height usiŶg the aiƌ sǇsteŵ ǁas Ŷot affeĐted 
ďǇ ƌepeatiŶg the ŵeasuƌeŵeŶt oƌ ďǇ addiŶg ϱϬ ŵeƌĐuƌǇ dƌops iŶto the Đell. 
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a faĐilitǇ foƌ a NϮ-ďlaŶket, aŶd this ĐaŶ ďe diffiĐult to sǁitĐh off as it is supposed to ďe 
peƌŵaŶeŶt. This ŵeaŶs that the ǀoltaŵŵetƌiĐ Đell is Đoǀeƌed ǁith NϮ, ǁhiĐh gƌaduallǇ 
ƌeŵoǀes the DO iŶ the saŵple. The NϮ ďlaŶket ǁas iŶitiallǇ sǁitĐhed off iŶ the Metƌohŵ 
staŶd ďǇ ĐlosiŶg its ĐoŶtƌol ǀalǀe ;tighteŶiŶg a sĐƌeǁͿ: this siŵple pƌoĐeduƌe ǁas fouŶd to 
ŵuĐh staďilise the ƌespoŶse foƌ Fe-“A. Hoǁeǀeƌ, it also Đaused the dƌop ĐoŶtƌol to 
ŵalfuŶĐtioŶ ĐausiŶg iƌƌegulaƌitǇ. Foƌ this ƌeasoŶ the eleĐtƌode staŶd ǁas ĐoŶŶeĐted to aŶ aiƌ 
supplǇ ;set to ϭ BaƌͿ iŶstead of NϮ, ǁhiĐh ŵeaŶt that the staŶd ǁas ƌuŶ iŶ its staŶdaƌd 
ĐoŶfiguƌatioŶ ďut ǁith aiƌ-OϮ ďlaŶketiŶg. This pƌoduĐed a dƌastiĐ iŵpƌoǀeŵeŶt: ƌepeat sĐaŶs 
foƌ Fe-“A ǁeƌe Ŷoǁ staďle, ǁithout a sǇsteŵatiĐ deĐƌease, aŶd the seŶsitiǀitǇ ǁas ŵuĐh 
ďetteƌ ;aďout ϭϱǆͿ thaŶ it ǁas usiŶg the NϮ ďlaŶket ;Fig. Ϯ.ϭ, ƌight haŶd sĐaleͿ. A dƌaǁďaĐk of 
this ŵodifiĐatioŶ of the eleĐtƌode staŶd ǁas a ŵoƌe ƌapid oǆidatioŶ of ŵeƌĐuƌǇ iŶ the 
eleĐtƌode Đaƌtƌidge, ŶeĐessitatiŶg ŵoƌe fƌeƋueŶt ;ŵoŶthlǇͿ ĐleaŶiŶg of the Đaƌtƌidge ďǇ 
filtƌatioŶ of the ŵeƌĐuƌǇ. 
These eǆpeƌiŵeŶts deŵoŶstƌated that DO ;like HϮOϮͿ ŵuĐh iŶĐƌeases the C“V ƌespoŶse 
foƌ Fe-“A, aŶd that its gƌadual ƌeŵoǀal as a ƌesult of ďlaŶketiŶg ǁith NϮ is a possiďle 
ĐoŶtƌiďutoƌǇ Đause foƌ the deĐƌease iŶ ƌespoŶse seeŶ iŶ the oƌigiŶal ǁoƌk ;‘ue aŶd BƌulaŶd, 
ϭϵϵϱͿ ;if ƌeŵoǀal of DO ǁas Ŷot ĐoŵpleteͿ aŶd also iŶ ouƌ pƌeǀious ǁoƌk aŶd that of otheƌs 
;uŶpuďlishedͿ ǁho tƌied ǁithout suĐĐess to get the ŵethod to ǁoƌk. “eĐoŶdlǇ, the sĐaŶs 
usiŶg ouƌ sǇsteŵ ǁeƌe Ŷoǁ ƌepƌoduĐiďle aŶd Đould ďe ƌepeated ŵaŶǇ tiŵes oǀeƌ ǁithout a 
ĐhaŶge iŶ seŶsitiǀitǇ. 
The DO is alƌeadǇ pƌeseŶt iŶ the saŵples ;eǆĐept if theǇ aƌe aŶoǆiĐͿ aŶd theƌefoƌe the 
puƌgiŶg aŶd ďlaŶketiŶg ǁith aiƌ does Ŷot iŶtƌoduĐe aŶ aƌtefaĐt iŶ the ŵetal speĐiatioŶ, ǁhilst 
additioŶ of HϮOϮ ;oƌ ďƌoŵate ǁhiĐh is used foƌ C“V of Fe-DHNͿ ǁould iŶĐƌease the ƌedoǆ 
poteŶtial of the sǇsteŵ to aďoǀe that of aiƌ-eƋuiliďƌated seaǁateƌ. The laĐk of uŶdeƌstaŶdiŶg 
of the effeĐt of DO iŶ the pƌeǀious ǁoƌk ŵaǇ haǀe affeĐted all paƌaŵeteƌs fuŶdaŵeŶtal to 
the ŵethod foƌ Fe deteĐtioŶ aŶd speĐiatioŶ. Foƌ this ƌeasoŶ these ǁeƌe ƌe-optiŵised iŶ 
suďseƋueŶt eǆpeƌiŵeŶts. 
The fiŶdiŶg that the ƌesults aƌe staďle iŶ ouƌ sǇsteŵ ǁith aiƌ puƌgiŶg aŶd aŶ aiƌ ďlaŶket 
has Ŷot solǀed all ƌepoƌted peak deĐƌeases as BuĐk s͛ sǇsteŵ ;BuĐk et al., ϮϬϬϳͿ ǁas Ŷot 
ĐoŶŶeĐted to NϮ ;oƌ aiƌͿ aŶd still had a pƌoďleŵ of a deĐƌeasiŶg peak. The BA“ eleĐtƌode 
;used ďǇ BuĐkͿ aŶd the PA‘ eleĐtƌode ;used ďǇ ‘ue aŶd BƌulaŶdͿ haǀe ŵeƌĐuƌǇ dƌops ǁith a 
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suƌfaĐe aƌea ~ϴǆ laƌgeƌ thaŶ those of the Metƌohŵ sǇsteŵ ;BuĐk et al., ϮϬϭϮͿ. We tested foƌ 
possiďle Fe-“A adsoƌptioŶ oŶ ǁaste ŵeƌĐuƌǇ dƌops ďǇ dispeŶsiŶg ϱϬ dƌops aŶd ƌepeatiŶg the 
ŵeasuƌeŵeŶt: the ƌespoŶse foƌ ϱ ŶM Fe ǁas Ŷot ĐhaŶged ďǇ this ŵeƌĐuƌǇ additioŶ, 
suggestiŶg that this effeĐt ǁas Ŷegligiďle iŶ ouƌ Đase. We suďseƋueŶtlǇ ŵeasuƌed the 
ƌespoŶse foƌ Fe ;ϱ ŶMͿ iŶ UV-“W oǀeƌ a loŶg peƌiod ;ϭϲ hͿ usiŶg autoŵated ŵeasuƌeŵeŶt ;ϰ 
sĐaŶs eǀeƌǇ ϯϬ ŵiŶͿ, ǁhiĐh shoǁed Ŷo sǇsteŵatiĐ deĐƌease: the aǀeƌaged ƌespoŶse ǁas ϳϱ.ϱ 
±ϭ.ϱ ŶA ;Ŷ=ϭϯϮͿ. 
 
2.3.2. OptiŵisatioŶ of the ĐoŶĐeŶtƌatioŶ of SA used foƌ CSV of Fe 
The pH ǁas set to pHNB“ ϴ.ϭϴ as this is Đlose to the Ŷatuƌal pH of seaǁateƌ iŶ 
eƋuiliďƌiuŵ ǁith aiƌ, aŶd ďoƌate pH ďuffeƌ ǁas used as it is iŶoƌgaŶiĐ aŶd ĐaŶ ďe UV-digested 
to ƌeŵoǀe possiďle iŶteƌfeƌiŶg oƌgaŶiĐ ŵatteƌ, aŶd as the ďoƌate ďiŶds ŵetals ǀeƌǇ ǁeaklǇ iŶ 
seaǁateƌ ;BǇƌŶe aŶd ThoŵpsoŶ, ϭϵϵϳ; ǀaŶ deŶ Beƌg, ϭϵϴϰͿ. This ďuffeƌ theƌefoƌe has 
adǀaŶtages oǀeƌ foƌ iŶstaŶĐe T‘I“ ďuffeƌ, ǁhiĐh has a pKa of ϴ.Ϭϳ iŶ seaǁateƌ ;‘aŵette et al., 
ϭϵϳϳͿ as this teŶds to Đoŵpete foƌ Fe aŶd loǁeƌ the ƌespoŶse, aŶd POP“O ďuffeƌ ǁith a pKa 
ǀalue of ~ϳ.ϴ. UV-digestioŶ of the ďoƌate ďuffeƌ stoĐk solutioŶ ǁas fouŶd to iŵpƌoǀe the C“V 
seŶsitiǀitǇ so this ǁas ŵade paƌt of the pƌepaƌatioŶ pƌoĐeduƌe. 
VaƌiatioŶ of the ĐoŶĐeŶtƌatioŶ of “A iŶ UV-“W ;pH ϴ.ϭϴͿ ĐoŶtaiŶiŶg ϭϬ ŶM Fe shoǁed 
the ƌespoŶse foƌ Fe-“A to iŶĐƌease fƌoŵ Ϭ.ϱ to ϱ µM “A, afteƌ ǁhiĐh the ƌespoŶse deĐƌeased 
agaiŶ ;Fig. Ϯ.ϮͿ. This ŵaǆiŵuŵ at ϱ µM “A ǁas suƌpƌisiŶg as it is at a ŵuĐh loǁeƌ 
ĐoŶĐeŶtƌatioŶ of “A thaŶ fouŶd pƌeǀiouslǇ ;Ϯϳ.ϱ µM “AͿ ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ. The 
eǆpeƌiŵeŶt ǁas ƌepeated at loǁeƌ ĐoŶĐeŶtƌatioŶs of Fe ;ϭ aŶd ϯ ŶM FeͿ, aŶd gaǀe the 
ŵaǆiŵuŵ ƌespoŶse at the saŵe “A ĐoŶĐeŶtƌatioŶ ;Fig. Ϯ.ϮͿ. The eǆpeƌiŵeŶt ǁas ƌepeated 
ǁith diffeƌeŶt ďatĐhes of “A ;fƌoŵ diffeƌeŶt ďottles, iŶĐludiŶg ŶeǁlǇ puƌĐhasedͿ, pƌepaƌed iŶ 
Ϭ.ϭ M HCl aŶd iŶ ŵethaŶol, iŶ eaĐh Đase giǀiŶg the saŵe ƌesult. Ϯϳ.ϱ µM “A ǁas the 
ĐoŶĐeŶtƌatioŶ seleĐted foƌ Fe speĐiatioŶ iŶ the oƌigiŶal ǁoƌk ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ, aŶd Ϯϱ 
µM ;BuĐk et al., ϮϬϬϳͿ, as this ǁas thought to ďe the optiŵal leǀel. The Đoŵpleǆ staďilitǇ of 
Fe-“A has ďeeŶ Đaliďƌated foƌ that saŵe ĐoŶĐeŶtƌatioŶ. Hoǁeǀeƌ, ouƌ data shoǁs that this 
leǀel of “A giǀes a ƌelatiǀelǇ pooƌ ƌespoŶse foƌ Fe aŶd this ƌespoŶse is easilǇ iŵpƌoǀed ďǇ 
loǁeƌiŶg its ĐoŶĐeŶtƌatioŶ to ϱ µM “A. 
 



















2.3.3. VaƌiatioŶ of otheƌ paƌaŵeteƌs 
VaƌiatioŶ of the depositioŶ poteŶtial shoǁed that ďest ƌespoŶse foƌ Fe-“A ǁas 
oďtaiŶed afteƌ depositioŶ at Ϭ V ;Fig. Ϯ.ϯAͿ. This poteŶtial is Đlose to the oǆidatioŶ poteŶtial 
of ŵeƌĐuƌǇ iŶ seaǁateƌ, ǁhiĐh liŵits the positiǀe poteŶtial ƌaŶge. Its ƌelatiǀelǇ positiǀe ǀalue 
suggests that the adsoƌďiŶg Fe-“A speĐies has a Ŷeutƌal oƌ a Ŷegatiǀe Đhaƌge, as a positiǀelǇ 
Đhaƌged speĐies ǁould ďe eǆpeĐted to adsoƌď less ǁell at positiǀe poteŶtials. This poteŶtial is 
esseŶtiallǇ the saŵe as that used ďefoƌe ;BuĐk et al., ϮϬϬϳ; ‘ue aŶd BƌulaŶd, ϭϵϵϱͿ. 
OǆidaŶts ǁeƌe added to iŶǀestigate ǁhetheƌ the ƌespoŶse Đould ďe fuƌtheƌ iŵpƌoǀed. 
Bƌoŵate, kŶoǁŶ to iŶĐƌease the peak height foƌ Fe iŶ pƌeseŶĐe of DHN ;Oďata aŶd ǀaŶ deŶ 
Beƌg, ϮϬϬϭͿ did Ŷot iŶĐƌease the peak height foƌ Fe“A. HǇdƌogeŶ peƌoǆide ǁas fouŶd to 
ŵuĐh iŵpƌoǀe the seŶsitiǀitǇ. The data shoǁs that the ƌespoŶse iŶĐƌeased liŶeaƌlǇ ǁith the 
hǇdƌogeŶ peƌoǆide ĐoŶĐeŶtƌatioŶ to ~Ϯ ŵM HϮOϮ ;Fig Ϯ.ϯBͿ, afteƌ ǁhiĐh the ƌespoŶse 
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Figuƌe Ϯ.ϯ: OptiŵisatioŶ of “A ĐoŶĐeŶtƌatioŶ: the diagƌaŵ shoǁs the ƌespoŶse foƌ ϭ, ϯ aŶd ϭϬ ŶM Fe as a 
fuŶĐtioŶ of the ĐoŶĐeŶtƌatioŶ of “A. The adsoƌptioŶ tiŵe ǁas Ϯ ŵiŶ. Maǆiŵuŵ ƌespoŶse is oďtaiŶed at ϱ 
M “A, Đoŵpaƌed to Ϯϳ.ϱ M iŶ the eǆistiŶg ŵethod ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ. 
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ŵeĐhaŶisŵ ;Kolthoff aŶd PaƌƌǇ, ϭϵϱϭͿ: 
FeIII-“A + e-  FeII-“A ;ϮͿ 
FeII-“A + HϮOϮ  FeIII-“A + HO. + OH- ;ϯͿ 
The hǇdƌoǆǇl ƌadiĐal ŵaǇ also oǆidise FeII: 
FeII + HO.  FeIII + OH- ;ϰͿ 
At high leǀels of HϮOϮ the HO. ŵaǇ lead to self-destƌuĐtioŶ of the HϮOϮ ;ƌeaĐtioŶs ϱ aŶd ϲͿ: 
HO. + HϮOϮ  HϮO + HOϮ. ;ϱͿ 
HOϮ. + HϮOϮ  OϮ + HϮO + HO. ;ϲͿ 
‘eaĐtioŶ ;ϯͿ is ƌate deteƌŵiŶiŶg ;Kolthoff aŶd PaƌƌǇ, ϭϵϱϭͿ ǁhiĐh is the ƌeasoŶ that the 
peak height iŶĐƌeases liŶeaƌlǇ ǁith the ĐoŶĐeŶtƌatioŶ of HϮOϮ. A siŵilaƌ liŶeaƌ iŶĐƌease ǁas 
fouŶd pƌeǀiouslǇ foƌ the sǇsteŵ of Fe/NN/HϮOϮ ;Yokoi aŶd ǀaŶ deŶ Beƌg, ϭϵϵϮͿ. The half-
ǁaǀe poteŶtial foƌ the ƌeduĐtioŶ of HϮOϮ ;~-Ϭ.ϴ VͿ is ŵoƌe Ŷegatiǀe thaŶ the oǆidatioŶ 
poteŶtial of FeII ;~-Ϭ.ϰ VͿ ǁhiĐh eǆplaiŶs ǁhǇ FeII ĐatalǇses the ƌeduĐtioŶ of HϮOϮ ;ǀia the 
FeŶtoŶ ƌeaĐtioŶͿ. The aĐtual ƌeaĐtioŶ is ĐoŵpliĐated ďeĐause of the geŶeƌatioŶ of fƌee 
ƌadiĐals ;FloƌeŶĐe, ϭϵϴϰ; Milleƌo aŶd “otoloŶgo, ϭϵϴϵͿ ďut the ĐatalǇsed ƌeaĐtioŶ iŶǀolǀes 
the eǆĐhaŶge of just oŶe eleĐtƌoŶ. The leǀelliŶg off of the iŶĐƌease aŶd the deĐƌease at leǀels 
aďoǀe Ϯ ŵM HϮOϮ, Đould ďe due to self-destƌuĐtioŶ of HϮOϮ ;eƋuatioŶs ϱ aŶd ϲͿ oƌ due to a 
possiďle oǆidatioŶ of the dissolǀed “A oƌ ďoth iŶ ǀieǁ of the deĐƌease. 
The eǆpeƌiŵeŶt ǁas Đaƌƌied out ǁithout puƌgiŶg of the solutioŶ ǁhiĐh ǁas aiƌ-
eƋuiliďƌated, theƌefoƌe ĐoŶtaiŶiŶg ~ϮϬϬ µM OϮ. The oǆǇgeŶ is ƌeduĐed to HϮOϮ at the 
eleĐtƌode at poteŶtials <~-Ϭ.Ϯ V iŶ pH ϴ seaǁateƌ, aŶd theƌefoƌe has the saŵe effeĐt as HϮOϮ 
added to the seaǁateƌ: 
OϮ + ϮH+ + Ϯe-  HϮOϮ ;ϳͿ  
The ƌespoŶse foƌ Fe ǁas appƌoǆiŵatelǇ douďled ďǇ the additioŶ of Ϭ.ϲ ŵM HϮOϮ. 
CleaƌlǇ it is possiďle to ƌeaĐh high seŶsitiǀitǇ foƌ Fe ďǇ the additioŶ of HϮOϮ, ďut this has the 
dƌaǁďaĐk that aŶǇ Ŷatuƌal ligaŶds ǁith a teŶdeŶĐǇ to oǆidatioŶ Đould ďe alteƌed, ǁhiĐh 
ŵight affeĐt deteƌŵiŶatioŶ of the Fe speĐiatioŶ. Foƌ this ƌeasoŶ, aŶd ďeĐause the seŶsitiǀitǇ 
foƌ Fe iŶ the pƌeseŶĐe of aiƌ ǁas suffiĐieŶtlǇ high, HϮOϮ ǁas Ŷot used foƌ the puƌpose of Fe 
speĐiatioŶ. 
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2.3.4. pH effeĐt 
The pH ǁas ǀaƌied ďetǁeeŶ ϳ.ϭ aŶd ϴ.ϴ to eǀaluate its effeĐt oŶ the seŶsitiǀitǇ.  The “A 
ĐoŶĐeŶtƌatioŶ ǁas set to ϱ M aŶd the ĐoŶĐeŶtƌatioŶ of Fe ǁas ϯ ŶM. The seŶsitiǀitǇ ǁas 
fouŶd to iŶĐƌease up to pH ϴ.Ϯϰ aďoǀe ǁhiĐh it deĐƌeased ;Fig Ϯ.ϯ CͿ. The iŶĐƌease ǁas a 
faĐtoƌ of Ϯ fƌoŵ pH ϳ.ϳ to pH ϴ.Ϯϰ, ǁhiĐh is the pH ƌaŶge fouŶd iŶ seaǁateƌ fƌoŵ deep sea to 
suƌfaĐe ǁateƌs. It is theƌefoƌe possiďle to studǇ the speĐiatioŶ of Fe oǀeƌ the eŶtiƌe ƌaŶge of 
pH ǀalues ŶatuƌallǇ oĐĐuƌƌiŶg. Hoǁeǀeƌ, iŶ this ǁoƌk the pH ǁas set to ϴ.ϭϴ ;NB“ sĐaleͿ as 
this is Đlose to that foƌ seaǁateƌ iŶ eƋuiliďƌiuŵ ǁith aiƌ, aŶd this pH ǁas ďuffeƌed ďǇ the 
additioŶ of ďoƌate to the ǁateƌ.  
The ƌeasoŶ foƌ the iŶĐƌease iŶ seŶsitiǀitǇ ǁith iŶĐƌeasiŶg pH is Ŷot oďǀious fƌoŵ the 
eƋuatioŶs. It suggests that ƌeaĐtioŶ ;ϮͿ oƌ ;ϯͿ is affeĐted iŶ this pH ƌegioŶ. The deĐƌease at pH 
ǀalues > ϴ.Ϯϰ ŵaǇ ďe due to ĐoŵpetitioŶ ďetǁeeŶ OH- aŶd “A foƌ ĐoŵpleǆatioŶ ǁith FeIII. It 
is theƌefoƌe possiďle that a diffeƌeŶt pH pƌofile ǁould ďe oďtaiŶed at a loǁeƌ oƌ higheƌ 
ĐoŶĐeŶtƌatioŶ of “A, ďut this ǁas Ŷot fuƌtheƌ iŶǀestigated.  
 
2.3.5. EffeĐt of the eƋuiliďƌatioŶ tiŵe ďetǁeeŶ iŶoƌgaŶiĐ Fe aŶd SA 
“A ǁas added to UV-“W ǁhiĐh had ďeeŶ pƌe-eƋuiliďƌated oǀeƌŶight ǁith ϱ ŶM Fe. Due 
to the loǁ soluďilitǇ of Fe the ŵajoƌitǇ of the Fe ǁould haǀe ďeeŶ pƌeseŶt as Đolloidal Fe-
hǇdƌoǆide, ǁhiĐh eǆplaiŶs the sloǁ ƌeaĐtioŶ ƌate fouŶd ;Fig. Ϯ.ϯDͿ. The sigŶal foƌ Fe“A 
gƌaduallǇ iŶĐƌeased uŶtil it staďilised afteƌ ~ϭϬ ŵiŶ. Afteƌ a loŶgeƌ ƌeaĐtioŶ tiŵe ;>ϯϬ ŵiŶͿ 
the sigŶal staƌted to deĐƌease ǁhiĐh ǁas asĐƌiďed to adsoƌptioŶ oŶ the ǀoltaŵŵetƌiĐ Đell. A 
staďle ƌespoŶse oǀeƌ seǀeƌal houƌs is oďtaiŶed if the Đell is pƌeǀiouslǇ eƋuiliďƌated ǁith 
seaǁateƌ of the saŵe Fe ĐoŶĐeŶtƌatioŶ iŶ the pƌeseŶĐe of “A. “uďseƋueŶt ĐaliďƌatioŶ 
shoǁed that all Fe ǁas ƌeĐoǀeƌed duƌiŶg the ϭϬ ŵiŶ eƋuiliďƌatioŶ peƌiod iŶdiĐatiŶg that the 
“A ƌe-dissolǀes the Đolloidal Fe. AdditioŶs of dissolǀed Fe ;fƌoŵ aŶ aĐidified staŶdaƌdͿ gaǀe 
aŶ iŵŵediate sigŶal iŶĐƌease aŶd staďle ƌespoŶse deŵoŶstƌatiŶg that the ƌeaĐtioŶ ďetǁeeŶ 
iŶoƌgaŶiĐ, dissolǀed Fe aŶd “A is ƌapid ;ǁithiŶ seĐoŶdsͿ. 
 
 






























2.3.6. KiŶetiĐ effeĐts of Fe ĐoŵpleǆatioŶ ǁith Ŷatuƌal ligaŶds aŶd EDTA 
The ƌeaĐtioŶ of “A ǁith Fe ĐoŶsists of ĐoŵpleǆatioŶ of iŶoƌgaŶiĐ Fe, ǁhiĐh leads to 
dissoĐiatioŶ of Ŷatuƌal oƌgaŶiĐ Đoŵpleǆes of Fe ǁith ligaŶds L. The tǁo pƌoĐesses ǁeƌe tested 


























































































Equilibration time after addition of 
SA (min) 
Figure 2.4. Optimisation of analytical parameters in UV-digested seawater, containing 5 nM Fe, 10 mM 
borate buffer, pH 8.18 and 5 M SA; the deposition time was 2 min at 0 V unless indicated differently. 
Solutions were blanketed with air. A) Effect of varying the deposition potential. B) Effect of adding H2O2 to 
the solution. C) Effect of varying the pH; the pH was varied by adding ammonia (1 M) to seawater that had 
first the pH lowered by additions of HCl (1 M). D) Effect of varying the reaction time between inorganic, 
mostly colloidal, Fe and 5 µM SA; the seawater had first been allowed to equilibrate overnight with 5 nM 
Fe in the voltammetric cell. 
A B 
C D 
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MeasuƌeŵeŶt of the C“V ƌespoŶse foƌ iŶoƌgaŶiĐ Fe iŵŵediatelǇ afteƌ additioŶ of ϱ M “A 
shoǁed the peak height iŶĐƌease oǀeƌ ~ϭϬ ŵiŶutes afteƌ ǁhiĐh it staďilised ;Fig. Ϯ.ϯDͿ. The 
seaǁateƌ had ďeeŶ UV-digested to ƌeŵoǀe aŶǇ oƌgaŶiĐ ligaŶds, aŶd ϱ ŶM Fe had ďeeŶ 
eƋuiliďƌated oǀeƌŶight, ǁhiĐh eŶsuƌed supeƌsatuƌatioŶ of the seaǁateƌ ǁith iŶoƌgaŶiĐ Fe due 
to its pooƌ soluďilitǇ ;Liu aŶd Milleƌo, ϭϵϵϵͿ. ~ϵϬ% of the ƌespoŶse ǁas aĐhieǀed ǁith the 
fiƌst sĐaŶ, ǁhiĐh ǁas Đaƌƌied out ǁithiŶ Ϯ ŵiŶ afteƌ the “A additioŶ, iŶdiĐatiŶg that the 
fƌeshlǇ pƌeĐipitated Fe-hǇdƌoǆide ǁas highlǇ ƌeaĐtiǀe. The peak height staƌted to deĐƌease 
afteƌ ϯϬ ŵiŶ of ƌepeated ŵeasuƌeŵeŶts iŶ the ǀoltaŵŵetƌiĐ Đell, ǁhiĐh ǁas pƌoďaďlǇ due to 
adsoƌptioŶ oŶ the Đell. The ƌespoŶse foƌ a solutioŶ of ϱ ŶM Fe aŶd ϱ M “A stoƌed iŶ a 
polǇethǇleŶe ďottle ;ǁhiĐh had pƌeǀiouslǇ ďeeŶ ĐoŶditioŶed ǁith ǁateƌ of the saŵe 
ĐoŵpositioŶͿ ǁas ĐoŶstaŶt foƌ seǀeƌal houƌs iŶdiĐatiŶg that Fe ĐaŶ ďe eƋuiliďƌated foƌ aŶ 
eǆteŶded peƌiod ǁith “A iŶ seaǁateƌ ǁithout loss of seŶsitiǀitǇ oƌ loss of Fe. The kiŶetiĐ 
effeĐt shoǁŶ heƌe is foƌ ƌeaĐtioŶ of Đolloidal Fe-hǇdƌoǆides, as the ƌeaĐtioŶ ďetǁeeŶ “A aŶd 
fƌeshlǇ added, dissolǀed Fe ,͛ is iŵŵediate.  
To pƌeǀeŶt possiďle deĐƌeases as a ƌesult of adsoƌptioŶ oŶ ďottle aŶd Đell ǁalls, all 
speĐiatioŶ eǆpeƌiŵeŶts ǁeƌe Đaƌƌied out afteƌ ĐoŶditioŶiŶg of the ĐoŶtaiŶeƌs uŶtil staďilitǇ 
ǁas oďtaiŶed. 
 
2.3.7. Rate ĐoeffiĐieŶt foƌ dissoĐiatioŶ of the EDTA Đoŵpleǆ aŶd the Đoŵpleǆ of Ŷatuƌal 
ligaŶd L ǁith Fe iŶ seaǁateƌ 
The ƌeaĐtioŶ ƌate of oƌgaŶiĐallǇ Đoŵpleǆed Fe ǁith “A ǁas tested ǁith a ŵodel ligaŶd 
;EDTAͿ aŶd ǁith Fe Đoŵpleǆed ǁith Ŷatuƌal ;uŶkŶoǁŶͿ ligaŶds pƌeseŶt iŶ the seaǁateƌ. Fe ;ϱ 
ŶMͿ ǁas pƌe-eƋuiliďƌated ǁith EDTA ;Ϯ M EDTAͿ iŶ UV-“W foƌ peƌiods of ϯ h, oǀeƌŶight aŶd 
ϯ daǇsͿ aŶd the ƌespoŶse foƌ Fe-“A ŵeasuƌed afteƌ additioŶ of “A ;ϱ µMͿ. Aďout ϮϬ% of the 
Fe ǁas fouŶd to ďe Đoŵpleǆed ǁith the EDTA eƋuiliďƌated foƌ ϯ h, Ϯ ŵiŶ afteƌ the “A 
additioŶ, iŶdiĐatiŶg that the EDTA had Ŷot ƌeaĐhed eƋuiliďƌiuŵ. >ϵϬ% of the Fe ǁas EDTA-
ďouŶd afteƌ oǀeƌŶight eƋuiliďƌatioŶ, aŶd fuƌtheƌ eƋuiliďƌatioŶ oǀeƌ ϯ d did Ŷot iŶĐƌease this 
fuƌtheƌ iŶdiĐatiŶg that eƋuiliďƌiuŵ had ďeeŶ oďtaiŶed afteƌ oǀeƌŶight eƋuiliďƌatioŶ, iŶ 
agƌeeŵeŶt ǁith a pƌeǀious fiŶdiŶg of ϳ h to ƌeaĐh eƋuiliďƌiuŵ ďetǁeeŶ EDTA aŶd Fe iŶ UV-
“W ;Wu aŶd Lutheƌ III, ϭϵϵϱͿ.   
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The additioŶ of “A to the pƌe-eƋuiliďƌated Fe-EDTA Đauses soŵe of the Fe͛ to ďeĐoŵe 
Đoŵpleǆed ǁith “A ǁhiĐh Đauses a deĐƌease iŶ the ĐoŶĐeŶtƌatioŶ of Fe-EDTA aŶd foƌŵatioŶ 
of Fe-“A uŶtil a Ŷeǁ eƋuiliďƌiuŵ is attaiŶed. The ƌeaĐtioŶ ǁas folloǁed ďǇ ŵeasuƌeŵeŶt of 
the peak ĐuƌƌeŶt ;ip, ǁhiĐh ƌefleĐts the ĐoŶĐeŶtƌatioŶ of Fe-“AͿ ǁhiĐh iŶĐƌeased as a fuŶĐtioŶ 
of tiŵe uŶtil it staďilised at ip = ipŵaǆ ǁheŶ eƋuiliďƌiuŵ had ďeeŶ ƌeaĐhed ďetǁeeŶ “A, Fe͛ 
aŶd EDTA. At eaĐh ŵoŵeŶt duƌiŶg this peƌiod the ƌespoŶse ǁas Ŷoƌŵalised to the ŵaǆiŵuŵ 
ƌespoŶse ;fƌoŵ >ϱϬ ŵiŶͿ: 
X = ip / ipŵaǆ ;ϴͿ 
The eƋuiliďƌiuŵ ĐoŶĐeŶtƌatioŶ of Fe-“A ǁas Đoŵputed fƌoŵ the total ĐoŶĐeŶtƌatioŶ of 
Fe ;CFe = ϱ ŶMͿ aŶd the ďalaŶĐe of the -ĐoeffiĐieŶts: 
[Fe-“A]eƋuil = CFe Fe͛-“A / ;Fe͛-“A + Fe͛EDTA + Fe͛Ϳ ;ϵͿ 
Heƌe Fe͛-“A is the oǀeƌall -ĐoeffiĐieŶt foƌ Fe Đoŵpleǆed ǁith “A, Fe͛EDTA foƌ Fe aŶd 
EDTA aŶd Fe͛ foƌ iŶoƌgaŶiĐ ĐoŵpleǆatioŶ of Fe. All -ĐoeffiĐieŶts aƌe oŶ the Fe͛ sĐale ǁhiĐh 
ŵeaŶs that Fe͛ heƌe is ϭ. At eaĐh poiŶt iŶ tiŵe the ĐoŶĐeŶtƌatioŶ of Fe-“A is giǀeŶ as a 
fƌaĐtioŶ of the ŵaǆiŵal [Fe-“A]eƋuil: 
[Fe-“A]t = X [Fe-“A]eƋuil ;ϭϬͿ 
The ĐoŶĐeŶtƌatioŶ of Fe͛ iŶ eƋuiliďƌiuŵ ǁith [Fe-“A]t aŶd C“A ;the total added “AͿ ǁas 
ĐalĐulated fƌoŵ 
[Fe͛]t = [Fe-“A]t / Fe͛-“A ;ϭϭͿ 
The ƌesidual ĐoŶĐeŶtƌatioŶ of Fe-EDTA deĐƌeased as a fuŶĐtioŶ of tiŵe aŶd ǁas 
ĐalĐulated fƌoŵ the ďalaŶĐe of total Fe ;CFeͿ, [Fe-“A] aŶd [Fe͛] at eaĐh poiŶt iŶ tiŵe: 
[Fe-EDTA]t = CFe – [Fe-“A]t – [Fe͛]t ;ϭϮͿ 
aŶd shoǁŶ iŶ Figuƌe Ϯ.ϰA. The ƌate ĐoeffiĐieŶt, kd ;s-ϭͿ, foƌ dissoĐiatioŶ of EDTA-ďouŶd Fe ǁas 
oďtaiŶed fƌoŵ the slope of a plot of lŶ[Fe-EDTA]t as fuŶĐtioŶ of tiŵe ;Cƌoot aŶd Helleƌ, ϮϬϭϮ; 
Witteƌ et al., ϮϬϬϬͿ ;Fig. Ϯ.ϰAͿ.  
Values foƌ the ƌeaĐtioŶ ƌate ĐoeffiĐieŶt foƌ Fe-EDTA dissoĐiatioŶ ǁeƌe fouŶd of 
Ϭ.ϬϬϬϭϳϮ s-ϭ ;oǀeƌŶight eƋuiliďƌatioŶͿ aŶd Ϭ.ϬϬϬϭϲϳ s-ϭ ;ϯ d eƋuiliďƌatioŶͿ giǀiŶg a half-life of 
ϲϴ ŵiŶ foƌ the Fe-EDTA dissoĐiatioŶ. The ǀalue foƌ the ƌate ĐoeffiĐieŶt fouŶd heƌe is gƌeateƌ 
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thaŶ that fouŶd pƌeǀiouslǇ ;~Ϯ ǆ ϭϬ-ϲ s-ϭͿ ǁheŶ Fe-EDTA ǁas ƌeaĐted ǁith sulfoǆiŶe ;HudsoŶ 
et al., ϭϵϵϮͿ, suggestiŶg that possiďlǇ diƌeĐt ligaŶd eǆĐhaŶge took plaĐe ďetǁeeŶ the Fe-EDTA 
aŶd “A. Neǀeƌtheless, the ƌeaĐtioŶ ƌate is sloǁ iŶdiĐatiŶg that loŶg eƋuiliďƌatioŶ tiŵes aƌe 
ŶeĐessaƌǇ: a ƌeaĐtioŶ tiŵe of ~ϳ h should ďe used to ďe ǁithiŶ ϭ% of eƋuiliďƌiuŵ ǁith EDTA. 
The lŶ[FeEDTA] diagƌaŵ foƌ the ϯ h eƋuiliďƌatioŶ eǆpeƌiŵeŶt ǁas ŶoŶ-liŶeaƌ as oŶlǇ aďout 
ϯϬ% of the Fe had ƌeaĐted ǁith the EDTA, so the dissoĐiatioŶ ƌeaĐtioŶ ǁas Ŷeaƌ to 
eƋuiliďƌiuŵ ǁheŶ the “A ǁas added. Hoǁeǀeƌ, the fiƌst feǁ data poiŶts suggested a siŵilaƌ 
half-life of the ƌeaĐtioŶ. 
The dissoĐiatioŶ ƌate of Fe Đoŵpleǆed ǁith Ŷatuƌal ligaŶds ;half-life= ϴ.ϳͿ ǁas ƋuiĐkeƌ 
thaŶ ǁith EDTA ;half-life= ϲϴ ŵiŶͿ ;Fig. Ϯ.ϰBͿ. The Fe ƌespoŶse foƌ Fe“A iŶ pƌeseŶĐe of FeL 
ǁas fouŶd to iŶĐƌease gƌaduallǇ ƌeaĐhiŶg appaƌeŶt staďilitǇ afteƌ ~ϰϬ ŵiŶ. IŶ this Đase the 
seaǁateƌ ǁas fƌoŵ the CeltiĐ “ea aŶd the ĐoŶĐeŶtƌatioŶ of Fe had ďeeŶ ƌaised to ϭ.ϱ ŶM 
;fƌoŵ a ďaĐkgƌouŶd leǀel of Ϭ.ϱ ŶM FeͿ to oďtaiŶ a sigŶifiĐaŶt peak at the ďegiŶŶiŶg of the 
ƌeaĐtioŶ, aŶd the Đell had ďeeŶ ĐoŶditioŶed aŶd the eǆpeƌiŵeŶt ƌepeated seǀeƌal tiŵes to 
oďtaiŶ a ƌepƌoduĐiďle ƌesult. The ligaŶd ĐoŶĐeŶtƌatioŶ iŶ the ǁateƌ ǁas deteƌŵiŶed ;ďǇ 
ĐoŵpleǆiŶg ligaŶd titƌatioŶͿ to ďe Ϯ.ϱ ŶM, ǁhiĐh ŵeaŶt that ŶeaƌlǇ all Fe ǁas Đoŵpleǆed ďǇ 
L. IŶ ǀieǁ of the fast ƌeaĐtioŶ ;iŶstaŶtaŶeousͿ foƌ Fe͛ ǁith “A, the ϰϬ ŵiŶ ƌeaĐtioŶ tiŵe is due 
to a sloǁ dissoĐiatioŶ of FeL.  
The ƌate ĐoeffiĐieŶt of dissoĐiatioŶ of FeL ;kFeLͿ ǁas ĐalĐulated fƌoŵ the slope of a plot 
of lŶ[FeL] as a fuŶĐtioŶ of tiŵe ;sͿ ;Fig. Ϯ.ϰB iŶsetͿ, ǁheƌe ĐoŶĐeŶtƌatioŶs of FeL ǁeƌe 
ĐalĐulated fƌoŵ the diffeƌeŶĐe of the fiŶal ƌespoŶse ;ǁheŶ ŶeaƌlǇ all FeL is ĐoŶǀeƌted to 
Fe“AͿ aŶd the aĐtual ƌespoŶse. The plot foƌ lŶ[FeL] as a fuŶĐtioŶ of tiŵe ǁas liŶeaƌ iŶdiĐatiŶg 
that it is a pseudo-fiƌst oƌdeƌ ƌeaĐtioŶ ;Fe“A is foƌŵed ŵuĐh ƋuiĐkeƌ thaŶ FeL dissoĐiates, 
ǁhiĐh ŵeaŶs that the FeL dissoĐiatioŶ is ƌate liŵitiŶgͿ, giǀiŶg a ǀalue of kFeL = Ϭ.ϬϬϭϯϯ ± 
Ϭ.ϬϬϬϮ s-ϭ. The half-life of this ƌeaĐtioŶ is ϴ.ϳ ŵiŶutes suggestiŶg that the “A is ƌeaĐtiŶg ǁith 
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Figuƌe Ϯ.ϱ. ‘eaĐtioŶ tiŵe of Fe ǁith Ϯ µM EDTA ;AͿ aŶd uŶkŶoǁŶ ligaŶd L ;BͿ, pƌeseŶt at Ϯ.ϱϯ ŶM ;log 
K͛Fe͛L = ϭϭ.ϱͿ. The ĐoŶĐeŶtƌatioŶ of Fe ǁas ϱ ŶM iŶ A aŶd ϭ.ϭϰ ŶM iŶ B. The diagƌaŵs shoǁ that the 
peak height foƌ Fe“A iŶĐƌeases as a fuŶĐtioŶ of tiŵe afteƌ additioŶ of ϱ µM “A. The ĐoŶĐeŶtƌatioŶ of 
FeL, used foƌ the iŶseƌted diagƌaŵs, ǁas ĐalĐulated fƌoŵ the diffeƌeŶĐe ďetǁeeŶ the total [Fe] aŶd 
the [Fe-“A] ĐalĐulated fƌoŵ the ƌespoŶse. 
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2.3.8. IŶteƌfeƌeŶĐes 
“A ĐaŶ ďe eǆpeĐted to Đoŵpleǆ otheƌ ŵetals ďeside Fe iŶ seaǁateƌ. Hoǁeǀeƌ, 
Đoŵpleǆes aƌe likelǇ to ďe ǁeakeŶed as a ƌesult of ĐoŵpetitioŶ ǁith H+ aŶd the aďuŶdaŶĐe 
of CaϮ+ aŶd MgϮ+. Coppeƌ is kŶoǁŶ to giǀe a peak ǁith “A ;Caŵpos aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰͿ 
ǁhiĐh is appaƌeŶt at -Ϭ.ϯ V, aďout Ϭ.Ϯ V ŵoƌe positiǀe thaŶ that foƌ Fe. The peak sepaƌatioŶ 
is suffiĐieŶt foƌ good ƋuaŶtifiĐatioŶ of the tǁo peaks. The C“V ƌespoŶse foƌ Cu is pooƌ iŶ the 
pƌeseŶĐe of aiƌ, ďut the Cu-“A speĐies still adsoƌďs oŶ the eleĐtƌode giǀiŶg a ƌelatiǀelǇ ďƌoad 
aŶd loǁ peak. AdditioŶs of Cu to UV-seaǁateƌ ;ϭϮϬ s adsoƌptioŶ tiŵe, ϭϬ ŶM FeͿ shoǁed 
that the peak foƌ Fe deĐƌeased ǁheŶ [Cu]>Ϯϱ ŶM. This suggests that Cu Đould poteŶtiallǇ 
iŶteƌfeƌe ďǇ loǁeƌiŶg the seŶsitiǀitǇ foƌ Fe duƌiŶg Fe-ĐoŵpleǆiŶg ligaŶd titƌatioŶs of deep 
oĐeaŶ ǁateƌs at loŶg depositioŶ tiŵes ;tǇpiĐallǇ ϭϮϬ-ϯϬϬ s ;BuĐk et al., ϮϬϭϮͿͿ espeĐiallǇ at 
the higheƌ “A ĐoŶĐeŶtƌatioŶ used iŶ that ǁoƌk.  
“uƌfaĐe-aĐtiǀe oƌgaŶiĐ ŵatteƌ deĐƌeases the seŶsitiǀitǇ foƌ Fe as a ƌesult of Đoŵpetitiǀe 
adsoƌptioŶ oŶ the eleĐtƌode. TƌitoŶ X-ϭϬϬ, used as ŵodel ĐoŵpouŶd foƌ ŶoŶ-ioŶiĐ 
suƌfaĐtaŶts, ǁas fouŶd to deĐƌease the ƌespoŶse foƌ Fe ;Ϯ ŵiŶ adsoƌptioŶ tiŵeͿ ďǇ ϮϬ % ;Ϭ.ϱ 
ŵg/L TƌitoŶͿ, Ϯϱ % ;ϭ ŵg/LͿ aŶd ϯϬ % ;Ϯ ŵg/L TƌitoŶͿ. A ǀaƌiaďle deĐƌease iŶ seŶsitiǀitǇ is 
theƌefoƌe eǆpeĐted foƌ seaǁateƌ as this is thought to ĐoŶtaiŶ ďetǁeeŶ Ϭ.ϭ aŶd Ϯ ŵg/L of 
suƌfaĐe aĐtiǀe ĐoŵpouŶds siŵilaƌ to TƌitoŶ-X-ϭϬϬ ;CosoǀiĐ et al., ϭϵϳϳͿ. IŶ ǀieǁ of loǁeƌ 
leǀels, up to Ϭ.ϬϮ ŵg/L foƌ uppeƌ ǁateƌ ĐoluŵŶ ǁateƌs fƌoŵ the “outheƌŶ OĐeaŶ ;Cƌoot et 
al., ϮϬϬϳͿ iŶ oĐeaŶ ǁateƌs, this effeĐt ŵaǇ theƌe ďe ŵiŶoƌ. This tǇpe of iŶteƌfeƌeŶĐe is 
ĐoŵŵoŶ foƌ all C“V ŵethods, though it is Ŷot alǁaǇs ŵeŶtioŶed, aŶd is espeĐiallǇ iŵpoƌtaŶt 
foƌ speĐiatioŶ as the ǁateƌ is aŶalǇsed ǁithout UV-digestioŶ; the effeĐt oŶ Fe-“A is siŵilaƌ to 
that oďtaiŶed foƌ Cu ǁith “A ;Caŵpos aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰͿ. The suppƌessioŶ of the peak 
height ďǇ suƌfaĐtaŶts Đould iŶĐoƌƌeĐtlǇ ďe iŶteƌpƌeted ďǇ stƌoŶg ĐoŵpleǆatioŶ uŶless the 
seŶsitiǀitǇ is deteƌŵiŶed. 
 
2.3.9. CaliďƌatioŶ of K’Fe’SA aŶd B’Fe’SAϮ ďǇ titƌatioŶs ǁith SA ǁith aŶd ǁithout 
ĐoŵpetitioŶ ǁith EDTA 
The Đoŵpleǆ staďilitǇ of Fe ǁith “A ǁas Đaliďƌated ďǇ tǁo pƌoĐeduƌes, ďased oŶ 
ŵeasuƌeŵeŶt of the ƌeaĐtiǀe speĐies of Fe-“A ;peak height foƌ Fe iŶ the pƌeseŶĐe of “AͿ ǁith 
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aŶd ǁithout ĐoŵpetitioŶ agaiŶst EDTA. EDTA ǁas seleĐted as its Đoŵpleǆ staďilitǇ ǁith Fe is 
kŶoǁŶ aŶd side-ƌeaĐtioŶs ǁith the ŵajoƌ ĐatioŶs iŶ seaǁateƌ ĐaŶ ďe takeŶ iŶto aĐĐouŶt. The 
iŶoƌgaŶiĐ speĐiatioŶ of iƌoŶ is doŵiŶated ďǇ hǇdƌoǆide foƌŵatioŶ aŶd ǁas ĐalĐulated usiŶg aŶ 
ioŶ-paiƌiŶg ŵodel ǁith the staďilitǇ ĐoŶstaŶts foƌ FeIII-OH speĐies fƌoŵ Liu aŶd Milleƌo ;Liu 
aŶd Milleƌo, ϭϵϵϵͿ. The ĐoŶstaŶts used foƌ the ĐalĐulatioŶ aƌe shoǁŶ iŶ Taďle Ϯ.ϭ. The K 
ǀalues fƌoŵ ;Maƌtell aŶd “ŵith, ϭϵϳϰͿ aƌe ǀalid foƌ aŶ ioŶiĐ stƌeŶgth of Ϭ.ϭ M, aŶd those 
fƌoŵ ;AƌeŶa et al., ϭϵϴϯͿ ǁeƌe ĐalĐulated foƌ aŶ ioŶiĐ stƌeŶgth of Ϭ.ϳ M usiŶg theiƌ eƋuatioŶs 
;theiƌ eǆpeƌiŵeŶts ǁeƌe foƌ ioŶiĐ stƌeŶgths ďetǁeeŶ Ϭ.ϭϳ aŶd Ϭ.ϳϳ MͿ. The Maƌtell aŶd 
“ŵith ǀalues ǁeƌe Ŷot adjusted to the ioŶiĐ stƌeŶgth of seaǁateƌ ďeĐause the Daǀies 
eƋuatioŶ is Ŷot ǀalid ďeǇoŶd ioŶiĐ stƌeŶgth Ϭ.ϭ M. The side ƌeaĐtioŶ ĐoeffiĐieŶt of EDTA ǁith 
the ŵajoƌ ĐatioŶs aŶd pH iŶ seaǁateƌ usiŶg the AƌeŶa ĐoŶstaŶts ;AƌeŶa et al., ϭϵϴϯͿ is ϴ.ϰϭ 
;log ǀalueͿ Đoŵpaƌed to ϳ.ϵϳ usiŶg ĐoŶstaŶts ĐoƌƌeĐted to the seaǁateƌ ioŶiĐ stƌeŶgth usiŶg 
the Daǀies eƋuatioŶ ;Cƌoot aŶd JohaŶssoŶ, ϮϬϬϬͿ aŶd ϴ.ϲ usiŶg uŶĐoƌƌeĐted Maƌtell aŶd 
“ŵith ĐoŶstaŶts. The speĐies FeOH.EDTA ǁas takeŶ iŶto aĐĐouŶt aŶd iŶĐƌeased the ǀalue foƌ 
FeEDTA ďǇ a faĐtoƌ ϰ. The iŶoƌgaŶiĐ Fe ǁas ĐalĐulated as ϵ.ϵϴ ;log ǀalueͿ at the eǆpeƌiŵeŶtal 
pH ;pHNB“ = ϴ.ϭϴͿ usiŶg the ĐoŶstaŶts fƌoŵ Liu aŶd Milleƌo, ǁhiĐh is alŵost the saŵe as that 
;log Fe = ϭϬͿ fouŶd eǆpeƌiŵeŶtallǇ ;HudsoŶ et al., ϭϵϵϮͿ. The ǀalue of ϭϬ is used heƌe as 
elseǁheƌe ;Cƌoot aŶd JohaŶssoŶ, ϮϬϬϬ; ‘ue aŶd BƌulaŶd, ϭϵϵϱͿ. The thus ĐalĐulated 
ĐoŶditioŶal staďilitǇ ĐoŶstaŶt foƌ ĐoŵpleǆatioŶ of iŶoƌgaŶiĐ iƌoŶ ;Fe͛Ϳ ďǇ EDTA iŶ seaǁateƌ of 
pHNB“ ϴ.ϭϴ ǁas log K͛Fe͛EDTA = ϲ.ϳ, ǁhiĐh is ǀeƌǇ Đlose to the ǀalue of ϲ.ϴ oďtaiŶed iŶ pH ϴ.Ϯϲ 
sǇŶthetiĐ seaǁateƌ ;HudsoŶ et al., ϭϵϵϮͿ iŶdiĐatiŶg that this ŵodeliŶg fits pƌeǀious data ǁell. 
The -ĐoeffiĐieŶt foƌ ĐoŵpleǆatioŶ of Fe͛ ďǇ ϭ M EDTA iŶ seaǁateƌ ĐalĐulated usiŶg these 
ĐoŶstaŶts is Ϯϴ.ϴ ;Taďle Ϯ.ϭͿ.  
BeĐause gƌeatest seŶsitiǀitǇ is oďtaiŶed foƌ Fe at ϱ µM “A, at fiƌst this “A ĐoŶĐeŶtƌatioŶ 
ǁas seleĐted foƌ ĐaliďƌatioŶ of the -ĐoeffiĐieŶt ;Fe͛-“AͿ aŶd fƌoŵ this the ǀalue foƌ the 
staďilitǇ ĐoŶstaŶt, ďǇ ĐoŵpetitioŶ agaiŶst EDTA. This deteƌŵiŶatioŶ ǁas ƌepeated at seǀeƌal 
“A ĐoŶĐeŶtƌatioŶs, ďetǁeeŶ ϭ aŶd ϰϬ µM “A, iŶ oƌdeƌ to eǀaluate ǁhetheƌ the adsoƌptiǀe Fe 
Đoŵpleǆ is of the tǇpe Fe“A oƌ Fe“AϮ, to ƌe-Đaliďƌate the -ĐoeffiĐieŶt foƌ the “A 
ĐoŶĐeŶtƌatioŶ used iŶ pƌeǀious ǁoƌk ;Ϯϳ.ϱ M “AͿ, aŶd to ǀeƌifǇ ǁhetheƌ “A ŵaǇ ďe suitaďle 
foƌ ƌeǀeƌse ŵetal titƌatioŶs iŶ ǁhiĐh the ĐoŶĐeŶtƌatioŶ of the added ligaŶd is ǀaƌied ǁithout 
ŵetal additioŶs ;Nuesteƌ aŶd ǀaŶ deŶ Beƌg, ϮϬϬϱͿ.  
  ϲϲ 
Taďle Ϯ.ϭ. log K ǀalues used iŶ this ǁoƌk to ĐalĐulate the speĐiatioŶ iŶ seaǁateƌ, aŶd saŵple ǀalues foƌ 
the -ĐoeffiĐieŶts ĐalĐulated ǁith these ĐoŶstaŶts foƌ giǀeŶ ĐoŶditioŶs. 
SpeĐies log K ǀalues RefeƌeŶĐe 
Fe;OHͿϮ+ -Ϯ.ϱϴ ;Liu et al., ϭϵϵϮͿ 
Fe;OHͿϮ+ -ϲ.ϲϰ ;Liu et al., ϭϵϵϮͿ 
Fe;OHͿϯϬ -ϭϰ.ϵ ;Liu et al., ϭϵϵϮͿ 
Fe;OHͿϰ- -Ϯϯ.ϱ ;Liu et al., ϭϵϵϮͿ 
Feϯ+EDTA Ϯϱ.ϭ ;Maƌtell aŶd “ŵith, ϭϵϳϰͿ 
CaϮ+EDTA ϭϬ.ϰ ;AƌeŶa et al., ϭϵϴϯͿ 
MgϮ+EDTA ϴ.ϱϲ ;AƌeŶa et al., ϭϵϴϯͿ 
Feϯ+EDTA͛ ϭϲ.ϳ “eaǁateƌ of “al ϯϱ, ĐalĐulated 
usiŶg the AƌeŶa et al ;ϭϵϴϯͿ 
data. 
FeEDTA /FeOHEDTA . H ϳ.ϰϵ ;Maƌtell aŶd “ŵith, ϭϵϳϰͿ 
 CalĐulated -ǀalues  
log EDTA ϴ.ϰϭ “eaǁateƌ of “al ϯϱ 
log Feϯ+EDTA ϭϭ.ϰϲ foƌ ϭ µM EDTA 
log Fe͛ ϭϬ.Ϭ  
log Fe͛EDTA ϭ.ϰϲ foƌ ϭ µM EDTA ;Fe͛EDTA = 
Ϯϴ.ϴͿ,  
 
The staďilitǇ of Fe-“A ǁas Đaliďƌated iŶ sepaƌate eǆpeƌiŵeŶts iŶ seaǁateƌ ǁith ϱ ŶM Fe, 
at leǀels of “A of ϭ, Ϯ, ϱ, ϭϬ, ϮϬ, ϯϬ aŶd ϰϬ M ďǇ eƋuiliďƌatioŶ ǁith EDTA, ǁhiĐh ǁas added 
to leǀels of Ϭ, Ϭ.Ϭϱ, Ϭ.ϭ, Ϭ.ϯ, Ϭ.ϱ, ϭ, Ϯ, ϯ aŶd ϱ M EDTA up to ϱ µM “A. The EDTA titƌatioŶ ǁas 
eǆteŶded to ϮϬ µM EDTA at higheƌ [“A].  
IŶ seaǁateƌ ĐoŶtaiŶiŶg Fe, “A aŶd ĐoŵpetiŶg ligaŶd EDTA, the ŵetal is distƌiďuted 
aĐƌoss the ǀaƌious speĐies, iŶoƌgaŶiĐ aŶd oƌgaŶiĐ. AssuŵiŶg that tǁo speĐies aƌe foƌŵed 
;Fe“A aŶd Fe“AϮͿ, aŶd eitheƌ oŶe, oƌ ďoth, ŵaǇ ďe ƌespoŶsiďle foƌ the Fe peak, the folloǁiŶg 
ƌelatioŶship eǆists at eƋuiliďƌiuŵ ďetǁeeŶ the EDTA aŶd “A, haǀiŶg speĐies ǁithout EDTA iŶ 
the Ŷuŵeƌatoƌ aŶd all speĐies iŶ the deŶoŵiŶatoƌ: 
X = ;αFe“A + αFe“AϮ +FeͿ/ ;αFe“A + αFe“AϮ + αFe + αFeEDTAͿ ;ϭϯͿ 
ǁheƌe αFe“A = K͛Fe“A ǆ [“A], αFe“AϮ = B͛Fe“AϮ ǆ [“A]Ϯ aŶd Fe-“A = the oǀeƌall -ĐoeffiĐieŶt foƌ Fe 
ǁith “A = αFe“A + αFe“AϮ . The tǁo ĐoŶstaŶts ;K͛Fe“A aŶd B͛Fe“AϮͿ aƌe foƌ the ƌeaĐtioŶ of Feϯ+ ǁith 
“A iŶ seaǁateƌ of the eǆpeƌiŵeŶtal pH aŶd saliŶitǇ. EƋŶ. ;ϭϯͿ is aŶalogous to that used ďefoƌe 
;ǀaŶ deŶ Beƌg, ϭϵϴϱͿ ďut ǁith the iŶĐlusioŶ of the iŶoƌgaŶiĐ speĐies of Fe. 
EǆpeƌiŵeŶtal ŵeasuƌeŵeŶts of X ;EƋŶ. ϭϯͿ ǁeƌe oďtaiŶed fƌoŵ X = ip / ipŵaǆ ǁheƌe ip is 
  ϲϳ 
the peak height foƌ Fe-“A ;aŶǇ speĐies of Fe ǁith “AͿ iŶ the pƌeseŶĐe of EDTA, aŶd ipŵaǆ the 
ŵaǆiŵuŵ peak height that is oďtaiŶed ǁithout EDTA. X = ϭ ǁheŶ [EDTA] = Ϭ. Values foƌ K͛Fe“A 
aŶd B͛Fe“AϮ ǁeƌe ĐalĐulated ;sepaƌatelǇ iŶdiǀiduallǇ aŶd siŵultaŶeouslǇͿ fƌoŵ ŵiŶiŵisatioŶ 
;usiŶg “olǀeƌ iŶ EǆĐelͿ of the least sƋuaƌes diffeƌeŶĐe ďetǁeeŶ the aĐtual X-ǀalues oďtaiŶed 
fƌoŵ titƌatioŶ ǁith EDTA aŶd those ĐalĐulated fƌoŵ the estiŵated ǀalues foƌ the ĐoŶstaŶts 
aĐĐoƌdiŶg to EƋŶ. ϭϯ. 
The ƌesults of the titƌatioŶs of “A ǁith EDTA at ǀaƌious “A ĐoŶĐeŶtƌatioŶs aƌe shoǁŶ iŶ 
Fig Ϯ.ϱ. The peak height of eaĐh eǆpeƌiŵeŶt ǁas Ŷoƌŵalised to that at zeƌo EDTA. The aĐtual 
peak heights foƌ the eǆpeƌiŵeŶt at ϭϬ, ϮϬ, ϯϬ aŶd ϰϬ µM “A ǁeƌe loǁeƌ thaŶ those foƌ ϱ µM 
“A as the seŶsitiǀitǇ is gƌeatest foƌ ϱ µM “A ;Fig. Ϯ.ϮͿ. The ƌelatiǀe peak heights deĐƌease iŶ 
eaĐh eǆpeƌiŵeŶt ǁith iŶĐƌeasiŶg ĐoŶĐeŶtƌatioŶ of EDTA ;Fig. Ϯ.ϱͿ, ǁhiĐh is iŶ liŶe ǁith 
eǆpeĐtatioŶ as the EDTA Đoŵpetes foƌ Fe ǁith the “A, so the ƌespoŶse should deĐƌease 
ƌegaƌdless of ǁhiĐh speĐies adsoƌďs. The halfǁaǇ poiŶt of the titƌatioŶs ǁith EDTA ;ǁheƌe 
the Ŷoƌŵalised ƌespoŶse is Ϭ.ϱ iŶ Fig. Ϯ.ϱͿ ǁas ƌeaĐhed at a higheƌ ĐoŶĐeŶtƌatioŶ of EDTA as 
“A iŶĐƌeased fƌoŵ ϭ to ϰϬ µM “A. This is to ďe eǆpeĐted as the -ĐoeffiĐieŶt foƌ Fe-“A ;Fe-“AͿ 
iŶĐƌeases ǁith the ĐoŶĐeŶtƌatioŶ of “A, ǁhiĐh ŵeaŶs that ŵoƌe EDTA is ƌeƋuiƌed to iŶĐƌease 
FeEDTA to the saŵe leǀel. The ǀalues of FeEDTA aŶd Fe-“A aƌe eƋual ǁheŶ the ƌelatiǀe 
ƌespoŶse has ďeeŶ loǁeƌed to Ϭ.ϱ, ǁhiĐh ĐaŶ ďe used to oďtaiŶ a fiƌst estiŵate foƌ the ǀalue 
of Fe-“A.  
The Đuƌǀes shoǁŶ iŶ Fig. Ϯ.ϱ, appƌoǆiŵatelǇ ĐoŶŶeĐtiŶg the data poiŶts, ǁeƌe 
ĐalĐulated ďǇ ŵodelliŶg the titƌatioŶs usiŶg the fitted ǀalues foƌ K͛Fe“A aŶd B͛Fe“AϮ iŶ eaĐh 
eǆpeƌiŵeŶt, aŶd the good data fit deŵoŶstƌates the ƋualitǇ of the fittiŶg. 
Values foƌ K͛Fe͛“A aŶd B͛Fe͛“A ǁeƌe oďtaiŶed ďǇ diǀidiŶg K͛Fe“A aŶd B͛Fe“AϮ ďǇ Fe ;=ϭϬϭϬͿ. 
The log K͛Fe͛“A ǀalues ǁeƌe fouŶd to lie iŶ a sŵall ƌaŶge ;log K͛Fe͛“A = ϲ.ϱϯ ± Ϭ.Ϭϯ ǁith log 
B͛Fe͛“AϮ = ϭϬ.Ϯ ± Ϭ.ϲͿ foƌ “A ĐoŶĐeŶtƌatioŶs ďetǁeeŶ ϭ aŶd ϰϬ M ;Taďle Ϯ.ϮͿ. Hoǁeǀeƌ, the 
data fit as a fuŶĐtioŶ of EDTA ǁas fouŶd to ďe iŶseŶsitiǀe foƌ B͛Fe͛“AϮ theƌefoƌe giǀiŶg a laƌge 
staŶdaƌd deǀiatioŶ. The ƌeasoŶ foƌ the sŵall iŶflueŶĐe of B͛Fe͛“AϮ oŶ Fe͛-“A is that Fe“AϮ ;=ϭ.ϯͿ 
< Fe“A ;= ϭϲ.ϲͿ at ϱ µM “A.  
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Figuƌe Ϯ.ϲ. CaliďƌatioŶ of K͛Fe͛“A aŶd B͛Fe͛“AϮ ďǇ titƌatioŶ of ǀaƌious leǀels of “A ǁith EDTA iŶ UV-digested 
seaǁateƌ set to pHNB“ ϴ.ϭϴ usiŶg ďoƌate ďuffeƌ. The data haǀe ďeeŶ Ŷoƌŵalized ďǇ plots of the ƌatio X ;peak 
height / ŵaǆ peak heightͿ as a fuŶĐtioŶ of the ĐoŶĐeŶtƌatioŶ of EDTA. The Đuƌǀes ǁeƌe ĐalĐulated usiŶg the 
ǀalues foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ oďtaiŶed fƌoŵ the least sƋuaƌes ƌegƌessioŶ of the data aĐĐoƌdiŶg to EƋŶ. ϭϯ. The 
ǀalues fouŶd foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ aƌe iŶ Taďle Ϯ.Ϯ.  AͿ X as a fuŶĐtioŶ of [EDTA] at ϭ,Ϯ aŶd ϱ µM “A; BͿ X as a 
fuŶĐtioŶ of [EDTA] at ϭϬ, ϮϬ, ϯϬ aŶd ϰϬ µM “A. 
B A 
  ϲϵ 
Taďle Ϯ.Ϯ. Values foƌ K͛Fe͛“A aŶd B͛Fe͛“A oďtaiŶed ďǇ titƌatioŶs of Fe-“A ǁith EDTA at ĐoŶstaŶt “A aŶd Fe, 
aŶd ďǇ titƌatioŶs ǁith “A at ĐoŶstaŶt EDTA. Data fittiŶg as fuŶĐtioŶ of [EDTA] aŶd as fuŶĐtioŶ of [“A]. 
The seŶsitiǀitǇ ;“Ϳ is iŶ ŶA ŶM-ϭ ŵiŶ-ϭ. The titƌatioŶs ǁith EDTA aŶd “A aƌe shoǁŶ iŶ Fig. Ϯ.ϱ. The 
ǀalues foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ ǁeƌe ĐoŶǀeƌted fƌoŵ K͛Feϯ+“A aŶd B͛Feϯ+“AϮ ǀalues usiŶg log Fe͛ = ϭϬ. The 
staŶdaƌd deǀiatioŶ foƌ log BFe͛“AϮ is Ϭ.ϲ ǁheŶ fitted as fuŶĐtioŶ of EDTA.  The Ϭ-EDTA ǀalues foƌ K͛Fe͛“A 
aŶd B͛Fe͛“AϮ at ϱ ŶM Fe agƌeed ǁell ǁith the ǀalues foƌ ϭ aŶd ϯ ŶM Fe. Pƌeǀious ǁoƌk Đaliďƌated B͛Fe͛“AϮ 
agaiŶst EDTA aŶd assuŵed that oŶlǇ Fe“AϮ ǁas pƌeseŶt: B͛Fe“AϮ = ϭϬ.ϵϴ ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ aŶd 
ϭϭ.ϭ ;BuĐk et al., ϮϬϬϳͿ. 
 TitƌatioŶs ǁith EDTA at ĐoŶstaŶt SA aŶd 
ϱ ŶM Fe. EDTA ǀaƌied fƌoŵ Ϭ to ϱ µM foƌ 
=<ϱ µM SA aŶd fƌoŵ Ϭ to ϮϬ µM EDTA at 
higheƌ SA. Data fitted as fuŶĐtioŶ of 
EDTA. 
EǆpeƌiŵeŶtal ĐoŶĐeŶtƌatioŶ 
of SA aŶd seŶsitiǀitǇ ;SͿ ;ŶA 
ŶM-ϭ MiŶ-ϭͿ 
log K’Fe’SA Log B’Fe’SAϮ 
ϭ µM “A “ = ϯ.ϱ ϲ.ϱϰ ϭϭ.Ϭ 
ϭ µM “A ϲ.ϱϰ ϭϬ.ϵ 
Ϯ µM “A “ = ϯ.ϴ ϲ.ϱϱ ϭϬ.ϵ 
Ϯ µM “A ϲ.ϱϲ ϭϬ.ϵ 
ϱ µM “A “ = ϰ.ϰ ϲ.ϱϯ ϵ.ϵ 
ϱ µM “A ϲ.ϱϰ ϭϬ.Ϭ 
ϭϬ µM “A “ = ϯ.ϴ ϲ.ϱϰ ϵ.ϴ 
ϮϬ µM “A “ = ϯ.ϭ ϲ.ϱϯ ϵ.ϱ 
ϯϬ µM “A “ = Ϯ.ϴ ϲ.ϱϯ ϵ.ϱ 
ϰϬ µM “A “ = Ϯ.ϲ ϲ.ϰϲ ϵ.ϴ 
Aǀeƌage ǀalue ϲ.ϱϯ ± Ϭ.Ϭϯ ϭϬ.Ϯ  ± Ϭ.ϲ 
 Saŵe data ďut ǁith data fittiŶg as a 
fuŶĐtioŶ of [SA] at ĐoŶstaŶt [EDTA] 
EDTA  µM log K’Fe’SA Log B’Fe’SAϮ 
Ϭ ϲ.ϱϭ ϭϬ.ϳϮ 
Ϭ.Ϭϱ ϲ.ϱϯ ϭϬ.ϴϭ 
Ϭ.ϭ ϲ.ϱϬ ϭϬ.ϳϱ 
Ϭ.ϯ ϲ.ϰϰ ϭϬ.ϴϯ 
Ϭ.ϱ ϲ.ϱϱ ϭϬ.ϵϬ 
ϭ ϲ.ϱϮ ϭϬ.ϵϬ 
ϯ ϲ.ϰϵ ϭϬ.ϵϮ 
ϱ ϲ.ϰϲ ϭϬ.ϵϱ 
Aǀeƌage ϲ.ϱϬ ± Ϭ.Ϭϰ ϭϬ.ϴϱ ± Ϭ.Ϭϴ 
 
TitƌatioŶ ǁith SA fƌoŵ Ϭ – ϭϬϬ µM SA, 
ǁithout EDTA 
At ϭ ŶM Fe ϲ.ϱϯ ϭϬ.ϳϬ 
At ϯ ŶM Fe ϲ.ϱϭ ϭϬ.ϳϱ 
At ϱ ŶM Fe ϲ.ϱϭ ϭϬ.ϳϮ 
Aǀeƌage ǀalues ϲ.ϱϮ ± Ϭ.Ϭϭ ϭϬ.ϳϮ ± Ϭ.Ϭϯ 
  ϳϬ 
Plots ;Fig. Ϯ.Ϯ aŶd Ϯ.ϲͿ of the ƌespoŶse as a fuŶĐtioŶ of [“A] ƌatheƌ thaŶ of [EDTA] shoǁ 
aŶ iŶitial iŶĐƌease folloǁed ďǇ a deĐƌease at high [“A]. This deĐƌease is ĐoŶsisteŶt ǁith the 
foƌŵatioŶ of a higheƌ oƌdeƌ Fe-“A speĐies that does Ŷot adsoƌď. The ŵost siŵple ĐheŵiĐal 
ŵodel that desĐƌiďes this is that a speĐies of the tǇpe Fe“A adsoƌďs, ǁhilst the suďseƋueŶt 
speĐies, Fe“AϮ, does Ŷot adsoƌď. This ĐaŶ ďe ŵodelled theoƌetiĐallǇ usiŶg eƋuatioŶ ϭϰ: iŶ this 
Đase X =ip / ipŵaǆ is defiŶed as folloǁs: 
X = αFe“A / ;αFe“A + αFe“AϮ + αFe + αFeEDTAͿ ;ϭϰͿ 
The data of the ĐoŵpetitioŶ eǆpeƌiŵeŶts agaiŶst EDTA ǁeƌe ƌe-aƌƌaŶged aŶd aƌe 
shoǁŶ as fuŶĐtioŶ of “A iŶ Fig. Ϯ.ϲA, shoǁiŶg ǀaƌiatioŶ iŶ X as fuŶĐtioŶ of [“A] at ϲ 
ĐoŶĐeŶtƌatioŶs of EDTA. Values foƌ K͛Fe“A aŶd B͛Fe“AϮ ǁeƌe fitted usiŶg eƋuatioŶ ϭϰ. A 
ĐoŵpliĐatioŶ iŶ this Đase is that the ŵaǆiŵuŵ peak ĐuƌƌeŶt, ipŵaǆ,, is Ŷot ƌeaĐhed ďeĐause of 
the pƌeseŶĐe of Fe͛ aŶd Fe“AϮ iŶ the deŶoŵiŶatoƌ. Theƌefoƌe X <ϭ ǁheŶ [EDTA] = Ϭ: 
At Ϭ EDTA: X = αFe“A / ;αFe“A + αFe“AϮ + αFeͿ ;ϭϱͿ 
ipŵaǆ ǁas theƌefoƌe oŶe of the fitted paƌaŵeteƌs. The Đuƌǀes shoǁŶ ;Fig. Ϯ.ϲAͿ ǁeƌe 
ĐalĐulated usiŶg the fitted ǀalues foƌ ipŵaǆ, K͛Fe“A aŶd B͛Fe“AϮ, aŶd deŵoŶstƌate a good data fit. 
The ǀalue foƌ log K͛Fe͛“A ǁas fouŶd to ďe ϲ.ϱϬ ± Ϭ.Ϭϰ, aŶd log B͛Fe͛“AϮ = ϭϬ.ϴϱ ± Ϭ.Ϭϴ ;Taďle Ϯ.ϮͿ. 
The log K͛Fe͛“A ǀalue is slightlǇ less ;Ϭ.Ϭϯ uŶitsͿ thaŶ that fouŶd ďǇ fittiŶg as fuŶĐtioŶ of EDTA, 
ďut the ǀalue foƌ B͛Fe͛“AϮ is laƌgeƌ aŶd has a sŵalleƌ staŶdaƌd deǀiatioŶ. The ŵaiŶ adǀaŶtage 
of this ǁaǇ of fittiŶg is that it is seŶsitiǀe to ďoth K͛Fe“A aŶd B͛Fe“AϮ. 
 
2.3.10. CaliďƌatioŶ of K’Fe’SA aŶd B’Fe’SA ǁithout EDTA 
The ĐaliďƌatioŶ of K͛Fe͛“A aŶd B͛Fe͛“AϮ at Ϭ µM EDTA ;Fig. Ϯ.ϲB aŶd Taďle Ϯ.ϮͿ shoǁed 
eǆĐelleŶt agƌeeŵeŶt ǁith the ǀalues oďtaiŶed iŶ the pƌeseŶĐe of EDTA, iŶdiĐatiŶg that it is 
possiďle to Đaliďƌate the ǀalue foƌ Fe-“A ǁithout ĐoŵpetitioŶ agaiŶst a seĐoŶdaƌǇ oƌgaŶiĐ 
ligaŶd. The ƌeasoŶ this is possiďle is ďeĐause of the high staďilitǇ of the iŶoƌgaŶiĐ speĐies 
;hǇdƌoǆide pƌedoŵiŶaŶtlǇͿ ǁhiĐh is ǁell defiŶed usiŶg the ĐoŶstaŶts fƌoŵ Liu aŶd Milleƌo 
;Liu aŶd Milleƌo, ϭϵϵϵͿ. This fiŶdiŶg ǁas used to Đaliďƌate the ĐoŶstaŶts foƌ Fe“A aŶd Fe“AϮ 
usiŶg tǁo fuƌtheƌ eǆpeƌiŵeŶts ǁheƌe “A ǁas added to UV-seaǁateƌ ĐoŶtaiŶiŶg ϭ ŶM Fe aŶd 
ϯ ŶM Fe, ďuffeƌed to pHNB“ ϴ.ϭϴ as ďefoƌe, ǁithout a ĐoŵpetiŶg ligaŶd ;Ŷo EDTAͿ. These 
titƌatioŶs ǁeƌe Đaƌƌied out iŶ the ǀoltaŵŵetƌiĐ Đell, ǁith just ϱ ŵiŶ eƋuiliďƌatioŶ tiŵe afteƌ 
  ϳϭ 
eaĐh “A additioŶ, ǁhiĐh ǁas suffiĐieŶt as the ƌeaĐtioŶ ďetǁeeŶ “A aŶd iŶoƌgaŶiĐ Fe is 
Đoŵplete ǁithiŶ seĐoŶds. The thƌee “A titƌatioŶs ;oŶe foƌ ϱ ŶM Fe usiŶg eƋuiliďƌated aliƋuots 
as paƌt of the EDTA titƌatioŶsͿ aƌe shoǁŶ iŶ Fig. Ϯ.ϲB. These data ǁeƌe used to fit paƌaŵeteƌs 




















2.3.11. AppliĐatioŶ to seaǁateƌ saŵples aŶd ŵodel ligaŶds 
The Ŷeǁ ŵethod ;usiŶg aiƌ aŶd at the ŵost seŶsitiǀe ĐoŶditioŶ of ϱ µM “AͿ ǁas tested 
ďǇ deteƌŵiŶatioŶ of the ĐoŶĐeŶtƌatioŶ Fe, Fe-ďiŶdiŶg ligaŶds, aŶd theiƌ ĐoŶditioŶal staďilitǇ 
ĐoŶstaŶt, K͛Fe͛L, iŶ seǀeƌal seaǁateƌ saŵples, aŶd foƌ ligaŶds ;huŵiĐ aĐid aŶd a sideƌophoƌeͿ 
added to seaǁateƌ. DeteƌŵiŶatioŶ of Fe iŶ ƌefeƌeŶĐe seaǁateƌ saŵples ;“AFeͿ shoǁed that 
the ĐoŶĐeŶtƌatioŶ of Fe is ĐoƌƌeĐtlǇ deteƌŵiŶed at loǁ aŶd higheƌ ĐoŶĐeŶtƌatioŶ of Fe ;Taďle 
Ϯ.ϰͿ. The staŶdaƌd deǀiatioŶ of Fe ; ϴ - ϭϬ pM foƌ sepaƌate aŶalǇses, usiŶg ϱ sĐaŶs foƌ the 
saŵple aŶd ϯ sĐaŶs afteƌ the Fe additioŶ foƌ ĐaliďƌatioŶͿ iŶ “AFe seaǁateƌ ĐoŶtaiŶiŶg ϵϮ pM 
Fe, suggests a liŵit of deteĐtioŶ of Ϯϰ - ϯϬ pM Fe usiŶg a depositioŶ tiŵe of ϯ ŵiŶ.  It should 
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Figuƌe Ϯ.ϳ. AͿ Data as shoǁŶ iŶ Fig. ϱ, ďut Ŷoǁ data fittiŶg as a fuŶĐtioŶ of “A usiŶg EƋŶ. ϭϰ. X is shoǁŶ 
as fuŶĐtioŶ of [“A]. The Đuƌǀes ǁeƌe ĐalĐulated usiŶg the ǀalues foƌ ipŵaǆ, K͛Fe͛“A aŶd B͛Fe͛“AϮ oďtaiŶed fƌoŵ 
the least sƋuaƌes ƌegƌessioŶ of the data aĐĐoƌdiŶg to EƋŶ. ϭϰ. The ǀalues fouŶd foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ aƌe 
iŶ Taďle Ϯ.Ϯ; BͿ additioŶs of “A to UV-seaǁateƌ ǁithout EDTA. X is shoǁŶ as a fuŶĐtioŶ of [“A]. The Đuƌǀes 
aƌe ĐalĐulated usiŶg the fitted ǀalues foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ.  


























The ĐoŶĐeŶtƌatioŶ of ĐoŵpleǆiŶg ligaŶds ǁas deteƌŵiŶed ďǇ titƌatioŶ ǁith Fe usiŶg 
oǀeƌŶight eƋuiliďƌatioŶ to eŶsuƌe that the pƌeǀiouslǇ Đoŵpleǆed FeL ǁas eƋuiliďƌated ǁith 
the added “A ;Fig. Ϯ.ϳͿ. The GEOT‘ACE“ saŵples ǁeƌe fouŶd to ĐoŶtaiŶ ϭ.ϰϳ  Ϭ.Ϭϭ ;ďottle 
ϳϱϱϲͿ aŶd ϭ.ϰϵ Ϭ.ϭϳ ŶM ;ďottle ϴϬϰϳͿ of ligaŶds ;Taďle Ϯ.ϰͿ. The peak height ;Fig. Ϯ.ϳͿ iŶ the 
ďegiŶŶiŶg of the titƌatioŶ, foƌ Fe < CL, shoǁs stƌoŶg suppƌessioŶ, due to the deteĐtioŶ 
ǁiŶdoǁ ďeiŶg loǁ. Values foƌ the peak height foƌ Fe“A Đould Ŷeǀeƌtheless ďe ŵeasuƌed foƌ 
the loǁest ĐoŶĐeŶtƌatioŶs of Fe, illustƌatiŶg the good seŶsitiǀitǇ of the ŵethod. The data 
liŶeaƌizatioŶ ;Fig. Ϯ.ϳBͿ shoǁs little oƌ Ŷo Đuƌǀatuƌe suggestiŶg that a siŶgle ĐoŵpleǆiŶg 
ligaŶd doŵiŶates the speĐiatioŶ. CalĐulatioŶ of the ligaŶd ĐoŶĐeŶtƌatioŶ usiŶg oŶlǇ the fiƌst ϯ 
data poiŶts of saŵple ϳϱϱϲ ;[Fe] < Ϭ.ϰϮ ŶMͿ gaǀe a ligaŶd ĐoŶĐeŶtƌatioŶ of Ϭ.ϳϴ ŶM 
;oƌigiŶallǇ ϭ.ϰϳ ŶM foƌ the eŶtiƌe data ƌaŶgeͿ ǁith a ǀalue foƌ log K͛Fe͛L of ϭϭ.ϰ, Đoŵpaƌed to 
ϭϭ.ϭ foƌ the eŶtiƌe titƌatioŶ. The diffeƌeŶĐe suggests that peƌhaps a seĐoŶd ligaŶd is pƌeseŶt 
iŶ this ǁateƌ, ďut the diffeƌeŶĐe is sŵall.  
Tǁo ŵodel ligaŶds ;“uǁaŶŶee ‘iǀeƌ huŵiĐ aĐid aŶd a sideƌophoƌe ;DFBͿͿ ǁeƌe added 
to UV-digested seaǁateƌ ;UV-“WͿ. LigaŶd ĐoŶĐeŶtƌatioŶs aŶd staďilitǇ ĐoŶstaŶts ǁeƌe 
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Figuƌe ϴ. CoŵpleǆiŶg ligaŶd titƌatioŶs of GeotƌaĐes saŵple ϳϱϱϲ ;AtlaŶtiĐ seaǁateƌ; depth ϳϱ ŵͿ. The iŶitial 
ĐoŶĐeŶtƌatioŶ ǁas Ϭ.ϭϮ ŶM Fe. AͿ Peak height as fuŶĐtioŶ of the ĐoŶĐeŶtƌatioŶ of total dissolǀed Fe. BͿ 
LiŶeaƌisatioŶ of the data. The ligaŶd ĐoŶĐeŶtƌatioŶ aŶd staďilitǇ ĐoŶstaŶts foƌ this aŶd otheƌ saŵples aƌe 
shoǁŶ iŶ Taďle Ϯ.ϰ. 
  ϳϯ 
2.4. DisĐussioŶ 
2.4.1. ChaŶges to the CSV ŵethod aŶd effeĐts 
The ŵethod foƌ the ĐheŵiĐal speĐiatioŶ of Fe iŶ seaǁateƌ usiŶg C“V ǁith “A has ďeeŶ 
updated, ƌesultiŶg iŶ a ďetteƌ uŶdeƌstaŶdiŶg of the ƌeaĐtioŶ ŵeĐhaŶisŵ, iŵpƌoǀed 
seŶsitiǀitǇ, staďle ƌespoŶse aŶd ĐaliďƌatioŶ oǀeƌ a laƌge ĐoŶĐeŶtƌatioŶ ƌaŶge of “A. The 
ŵeĐhaŶisŵ of the eleĐtƌoĐheŵiĐal ƌeaĐtioŶ has Ŷoǁ ďeeŶ eluĐidated: the ŵethod is suďjeĐt 
to a ĐatalǇtiĐ ƌeaĐtioŶ iŶ ǁhiĐh the ƌeduĐtioŶ pƌoduĐt ;FeIIͿ, ǁhiĐh is pƌoduĐed fƌoŵ FeIII-“A, 
is ƌe-oǆidised duƌiŶg the sĐaŶ ďǇ DO. The seŶsitiǀitǇ is theƌefoƌe ŵaǆiŵised ďǇ eŶsuƌiŶg that 
the ǁateƌ is satuƌated ǁith aiƌ, aŶd ĐaŶ ďe iŵpƌoǀed ďǇ ďuďďliŶg ǁith aiƌ if it is 
uŶdeƌsatuƌated, oƌ ďǇ addiŶg HϮOϮ. Use of HϮOϮ Đould lead to oǆidatioŶ of Ŷatuƌal ligaŶds, so 
this is Ŷot ƌeĐoŵŵeŶded. “iŵilaƌlǇ the seŶsitiǀitǇ ǁould ďe eŶhaŶĐed ďǇ puƌgiŶg aŶd 
ďlaŶketiŶg ǁith a gas ŵiǆtuƌe ǁith a higheƌ paƌtial pƌessuƌe of OϮ, ďut ǁe fouŶd theƌe to ďe 
Ŷo Ŷeed as the seŶsitiǀitǇ of the ŵethod is suffiĐieŶt usiŶg aiƌ-oǆǇgeŶ. The good 
ƌepƌoduĐiďilitǇ ǁith ƌepeat sĐaŶs ;ǁithout the pƌeǀiouslǇ oďseƌǀed deĐƌease iŶ the peak 
height ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿͿ usiŶg aŶ aiƌ-ďlaŶketed solutioŶ has as ŵajoƌ adǀaŶtages that 
ƌepeat sĐaŶs ĐaŶ ďe Đaƌƌied out ǁithout solutioŶ ƌeŶeǁal aŶd the seŶsitiǀitǇ Đaliďƌated ďǇ 
the staŶdaƌd additioŶ ŵethod iŶ the Đell. This ŵuĐh faĐilitates the speĐiatioŶ pƌoĐeduƌe aŶd 
the ŵethod to deteƌŵiŶe dissolǀed Fe.  
The ŵaiŶ iŵpƌoǀeŵeŶt iŶ the ŵethod is the use of aiƌ ďlaŶketiŶg, aŶd aiƌ puƌgiŶg if 
ŶeĐessaƌǇ, ǁhiĐh ǁas fouŶd to iŵpƌoǀe the seŶsitiǀitǇ ďǇ a faĐtoƌ of ϭϱ oǀeƌ that iŶ a ŶoŶ-
puƌged ďut NϮ-ďlaŶketed Đell ;fiƌst sĐaŶ iŶ Fig. Ϯ.ϭͿ. The seŶsitiǀitǇ of the updated ŵethod foƌ 
the deteƌŵiŶatioŶ of dissolǀed Fe is ŵuĐh ďetteƌ thaŶ ďefoƌe, ƌesultiŶg iŶ a liŵit of deteĐtioŶ 
of Ϯϰ-ϯϬ pM Fe usiŶg a ϭϴϬ s adsoƌptioŶ tiŵe iŶ aiƌ-eƋuiliďƌated seaǁateƌ ;fƌoŵ ϯǆ“D of 
sepaƌate deteƌŵiŶatioŶs of Fe iŶ “AFe-“ ƌefeƌeŶĐe seaǁateƌ, Taďle Ϯ.ϰͿ. This liŵit ĐaŶ ďe 
loǁeƌed to ;ϴ-ϭϬͿ pM Fe ďǇ eǆteŶdiŶg the adsoƌptioŶ tiŵe to ϵ ŵiŶ.  
 
2.4.2. Possiďle adsoƌptioŶ of Fe-SA oŶ ǁaste ŵeƌĐuƌǇ dƌops 
If the aŵouŶt of Fe-“A that adsoƌďs oŶ a ŵeƌĐuƌǇ dƌop duƌiŶg a ŵeasuƌeŵeŶt is 
siŵilaƌ to that of Fe-ĐateĐhol Đoŵpleǆes ;~ϭϬ-ϭϬ ŵol Đŵ-ϮͿ ;VaŶ DeŶ Beƌg aŶd HuaŶg, ϭϵϴϰaͿ, 
this ǁould aŵouŶt to at ŵost ~ϯ pŵol at eleĐtƌode satuƌatioŶ ;foƌ a laƌge ŵeƌĐuƌǇ dƌop of ϯ 
  ϳϰ 
ŵŵϮͿ, eƋuiǀaleŶt to Ϭ.ϯ ŶM Fe iŶ a ϭϬ ŵL Đell.  A ƌelatiǀelǇ high Fe ĐoŶĐeŶtƌatioŶ, oƌ a loŶg 
depositioŶ tiŵe, ǁould ďe ƌeƋuiƌed to aĐhieǀe suĐh high deŶsitǇ, ǁell outside the liŶeaƌ 
ƌaŶge. The Fe is ƌetuƌŶed to solutioŶ duƌiŶg the sĐaŶ ďut Đould ĐoŶĐeiǀaďlǇ adsoƌď agaiŶ oŶ 
ǁaste ŵeƌĐuƌǇ aŶd aĐĐouŶt foƌ soŵe oƌ all of the deĐƌease seeŶ ďefoƌe aŵouŶtiŶg to a 
feǁ % of the peak height peƌ ǁaste dƌop ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ.  
Ouƌ eǆpeƌiŵeŶt ǁheƌe dispeŶsiŶg ϱϬ ŵeƌĐuƌǇ dƌops had Ŷo effeĐt oŶ the peak height 
foƌ Fe iŶ suďseƋueŶt ŵeasuƌeŵeŶts suggests that adsoƌptioŶ oŶ ǁaste ŵeƌĐuƌǇ ǁas 
Ŷegligiďle iŶ ouƌ sǇsteŵ. This ǁas ĐoŶfiƌŵed ďǇ a staďle ƌespoŶse eǀeŶ ǁheŶ ŵeasuƌeŵeŶts 
ǁeƌe ĐoŶtiŶued oǀeƌ ϭϲ h. The aŵouŶt of ŵeƌĐuƌǇ iŶ the Đell at the eŶd of this eǆpeƌiŵeŶt 
ǁas eƋuiǀaleŶt to ϰϰϲ dƌops, the ǀoluŵe of ǁhiĐh is eƋuiǀaleŶt to ~ϮϮ dƌops of the laƌge 
ǀaƌietǇ as used iŶ otheƌ sǇsteŵs ;BuĐk et al., ϮϬϭϮͿ. The ĐoŶĐlusioŶ of these eǆpeƌiŵeŶts is 
that adsoƌptioŶ oŶ ǁaste ŵeƌĐuƌǇ is Ŷegligiďle at this leǀel of Fe aŶd it is uŶlikelǇ that theƌe 
is adsoƌptioŶ oŶ ŵeƌĐuƌǇ also iŶ sǇsteŵs ǁith a laƌge ŵeƌĐuƌǇ dƌop, though the ƌelatiǀe 
effeĐt ǁould ďe ŵagŶified at loǁeƌ [Fe]. A solutioŶ to this pƌoďleŵ appaƌeŶtlǇ affeĐtiŶg 
soŵe sǇsteŵs ǁould theƌefoƌe ďe to Đhoose the sŵallest ŵeƌĐuƌǇ dƌop settiŶg.  
AŶ alteƌŶatiǀe eǆplaŶatioŶ foƌ deĐƌeasiŶg peaks iŶ sǇsteŵs ǁithout aŶ aiƌ ďlaŶket 
ŵight ďe DO ƌeŵoǀal due its ƌeduĐtioŶ at the eleĐtƌode duƌiŶg the depositioŶ step aŶd sĐaŶ. 
The ĐuƌƌeŶt duƌiŶg the depositioŶ step ;at Ϭ VͿ oŶ ouƌ sǇsteŵ ǁas -Ϭ.Ϯ µA, ǁhiĐh oǀeƌ ϭϮϬ s 
is eƋuiǀaleŶt to Ϯ.ϰ ǆ ϭϬ-ϱ Đouloŵďs, ǁhiĐh is eƋuiǀaleŶt to a ƌeduĐtioŶ of Ϯ.ϱ ǆ ϭϬ-ϭϬ ŵoles of 
DO oǀeƌ ϭϮϬ s. The ĐoŶĐeŶtƌatioŶ of DO ;~ϮϱϬ µMͿ is eƋuiǀaleŶt to Ϯ.ϱ ǆ ϭϬ-ϲ ŵoles iŶ ϭϬ ŵL, 
ǁhiĐh ŵeaŶs a deĐƌease iŶ DO of ~Ϭ.Ϭϭ% foƌ eaĐh ŵeasuƌeŵeŶt, ǁhiĐh is Ŷegligiďle eǀeŶ if 
this DO ǁould Ŷot ďe ƌepleŶished ǁithout aiƌ-ďlaŶket. The effeĐt ǁould ďe laƌgeƌ at a loŶgeƌ 
depositioŶ tiŵe aŶd ǁith the laƌgeƌ ŵeƌĐuƌǇ dƌop eleĐtƌodes used iŶ soŵe laďoƌatoƌies 
;BuĐk et al., ϮϬϭϮͿ. Hoǁeǀeƌ, this effeĐt does Ŷot aĐĐouŶt foƌ the ŵuĐh laƌgeƌ deĐƌease iŶ the 
Fe-“A peak seeŶ ďefoƌe. 
 
2.4.3. CaliďƌatioŶ of K’Fe’SA aŶd B’Fe’SAϮ ǁith aŶd ǁithout ĐoŵpetitioŶ ǁith EDTA 
The speĐiatioŶ of FeIII ǁith “A is ĐoŵpliĐated ďǇ the foƌŵatioŶ of ŵiǆed speĐies ǁith 
OH: FeOH“A ;KeeŶeǇ et al., ϭϵϴϰͿ. This speĐies is iŶĐluded heƌe foƌ ĐoŶǀeŶieŶĐe iŶ the ϭ:ϭ 
Fe-“A speĐies, ďut it is Ŷot speĐified fuƌtheƌ. EffeĐts of ĐoŵpetitioŶ foƌ “A ďǇ H+, CaϮ+ aŶd 
  ϳϱ 
MgϮ+ aŶd ioŶiĐ stƌeŶgth effeĐts aƌe also Ŷot speĐified aŶd aƌe paƌt of the ĐoŶditioŶal staďilitǇ 
ĐoŶstaŶts foƌ Fe ǁith “A as theǇ aƌe foƌ Cu ;Caŵpos aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰͿ. 
The ǀalue of Fe-“A ǁas Đaliďƌated ďǇ ĐoŵpetitioŶ agaiŶst EDTA at [“A] ďetǁeeŶ ϭ aŶd 
ϰϬ µM, aŶd used to oďtaiŶ ǀalues foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ. The data fit as a fuŶĐtioŶ of [EDTA] 
ǁas fouŶd to ďe iŶseŶsitiǀe foƌ the ǀalue foƌ B͛Fe͛“AϮ ǁhiĐh is Đaused ďǇ the oǀeƌall -
ĐoeffiĐieŶt oĐĐuƌƌiŶg aďoǀe aŶd ďeloǁ the diǀisioŶ ;EƋŶ ϭϯͿ. The fit of the saŵe data as 
fuŶĐtioŶ of [“A] ;EƋŶ. ϭϰͿ ǁas fouŶd to ďe seŶsitiǀe to ďoth K͛Fe͛“A aŶd B͛Fe͛“AϮ, giǀiŶg a siŵilaƌ 
ǀalue foƌ K͛Fe͛“A ďut a laƌgeƌ ǀalue foƌ B͛Fe͛“AϮ ǁith a sŵalleƌ staŶdaƌd deǀiatioŶ ;Taďle Ϯ.ϮͿ. 
The diagƌaŵs ;Fig. Ϯ.ϲAͿ shoǁ that EƋŶ. ϭϰ desĐƌiďes the data ǁell.  
The data fit ǁithout EDTA iŶǀolǀed fittiŶg ϯ paƌaŵeteƌs ;K͛Fe͛“A, B͛Fe͛“AϮ aŶd ipŵaǆͿ to EƋŶ. 
ϭϱ, ǁheƌeas oŶlǇ Ϯ paƌaŵeteƌs aƌe fitted iŶ pƌeseŶĐe of EDTA aĐĐoƌdiŶg eƋuatioŶ ϭϯ. The 
Ŷuŵďeƌ of data poiŶts ǁas iŶĐƌeased to ϭϴ ďǇ eǆteŶdiŶg the ƌaŶge of “A ĐoŶĐeŶtƌatioŶs that 
ǁeƌe tested ǁithout EDTA, Đoŵpaƌed to ϴ data poiŶts foƌ the titƌatioŶs ǁith EDTA. The data 
fit foƌ Ϭ µM EDTA ;Fig. Ϯ.ϲAͿ gaǀe ǀalues foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ that ŵatĐhed the ǀalues iŶ the 
pƌeseŶĐe of EDTA ;Taďle Ϯ.ϮͿ. This ŵeaŶs that the ƌespoŶse foƌ Fe as a fuŶĐtioŶ of [“A] 
ǁithout EDTA ;Fig. Ϯ.ϮͿ ĐaŶ ďe used foƌ iŶdepeŶdeŶt ĐaliďƌatioŶ of the staďilitǇ ĐoŶstaŶts 
;iŶdepeŶdeŶt of aŶ oƌgaŶiĐ ĐoŵpetiŶg ligaŶdͿ. The Ŷoƌŵalised ƌespoŶse foƌ Fe to additioŶs 
of “A ďetǁeeŶ ϭ aŶd ϭϬϬ µM shoǁs good agƌeeŵeŶt foƌ ǀaƌious ĐoŶĐeŶtƌatioŶs of Fe iŶ 
seaǁateƌ ;fƌeshlǇ UV-digestedͿ: the ƌelatiǀe ƌespoŶse ǁas the saŵe foƌ ϭ, ϯ aŶd ϱ ŶM Fe uŶtil 
ϱ µM “A, ǁith ŵiŶoƌ diǀeƌgeŶĐe at higheƌ [Fe], possiďlǇ due to paƌtial pƌeĐipitatioŶ of 
iŶoƌgaŶiĐ Fe duƌiŶg the eǆpeƌiŵeŶt. The “A titƌatioŶs at ϭ aŶd ϯ ŶM Fe ǁeƌe Đaƌƌied out ďǇ 
“A additioŶs to the ǀoltaŵŵetƌiĐ Đell, ǁith oŶlǇ ďƌief eƋuiliďƌatioŶ ;ϱ ŵiŶ afteƌ eaĐh “A 
additioŶͿ, ǁheƌeas foƌ ϱ ŶM Fe the ĐaliďƌatioŶ ǁeƌe Đaƌƌied out ǁith oǀeƌŶight eƋuiliďƌatioŶ 
foƌ eaĐh poiŶt as paƌt of the ĐaliďƌatioŶs agaiŶst EDTA. The staďilitǇ ĐoŶstaŶts, fitted usiŶg 
EƋŶ. ϭϱ, ǁeƌe Đlose to those oďtaiŶed ďǇ ĐoŵpetitioŶ agaiŶst EDTA ;Taďle Ϯ.ϮͿ ďut ǁith a 
Ŷaƌƌoǁeƌ staŶdaƌd deǀiatioŶ: log K͛Fe͛“A = ϲ.ϱϮ  Ϭ.Ϭϭ aŶd log B͛Fe͛“AϮ = ϭϬ.ϳϮ  Ϭ.Ϭϯ.  
The eǆĐelleŶt agƌeeŵeŶt ďetǁeeŶ the ĐaliďƌatioŶs of the Đoŵpleǆ staďilitǇ iŶ the 
pƌeseŶĐe aŶd aďseŶĐe of EDTA iŶdiĐates that the ǀalues foƌ Fe aŶd FeEDTA iŶ EƋŶ. ϭϱ aƌe 
appaƌeŶtlǇ ĐoƌƌeĐtlǇ ŵodelled aŶd aƌe iŶteƌŶallǇ ĐoŶsisteŶt. The diffeƌeŶĐe is gƌeatest ;Ϭ.ϭϯ 
log uŶitsͿ foƌ log B͛Fe͛“AϮ, ǁhiĐh is of sigŶifiĐaŶĐe at “A ĐoŶĐeŶtƌatioŶs > ϱ µM. We 
ƌeĐoŵŵeŶd that the ǀalues oďtaiŶed ǁithout EDTA aƌe adopted as these aƌe iŶdepeŶdeŶt 
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fƌoŵ aŶǇ eƌƌoƌs iŶ the ŵodelliŶg of the speĐiatioŶ of EDTA, aŶd aƌe oŶlǇ affeĐted ďǇ eƌƌoƌs iŶ 
Fe = ϭϬϭϬ, ǁhiĐh ĐaŶŶot ďe aǀoided as it is paƌt of the eƋuatioŶ ǁith oƌ ǁithout EDTA. 
The data fittiŶg ;Fig. Ϯ.ϲAͿ is ĐoŶsisteŶt ǁith a ŵodel iŶ ǁhiĐh the Fe“A speĐies adsoƌďs 
oŶ the eleĐtƌode, ǁheƌeas Fe“AϮ does Ŷot adsoƌď. This eǆplaiŶs the ŵaǆiŵuŵ iŶ seŶsitiǀitǇ 
foƌ the deteĐtioŶ of iŶoƌgaŶiĐ Fe at ϱ µM “A ;Fig. Ϯ.ϭͿ aŶd it also eǆplaiŶs the deĐƌease at 
higheƌ [“A]. UsiŶg the ǀalues foƌ the staďilitǇ ĐoŶstaŶts it ǁas ĐalĐulated that Fe“AϮ ďeĐoŵes 
sigŶifiĐaŶt at [“A] > ϰ.ϰ µM, ǁhiĐh is Đlose to the eǆpeƌiŵeŶtal ǀalue of ϱ µM “A ;Fig. Ϯ.ϮͿ 
ǁheƌe the peak height is gƌeatest.  
AŶ iŶteƌestiŶg fiŶdiŶg is that, ǁhilst the ŵaǆiŵuŵ ƌespoŶse ;X iŶ Fig. Ϯ.ϲAͿ is attaiŶed 
at ϱ µM “A ǁithout EDTA, this ŵaǆiŵuŵ shifts to a higheƌ ĐoŶĐeŶtƌatioŶ of “A iŶ the 
pƌeseŶĐe of EDTA: the ŵaǆiŵuŵ is loĐated at ϮϬ µM “A foƌ ϭ µM EDTA, aŶd at ϯϬ µM “A at ϯ 
µM EDTA. CoŵpetitioŶ ďǇ Ŷatuƌal ĐoŵpleǆiŶg ŵatteƌ is a possiďle ƌeasoŶ ǁhǇ pƌeǀious 
ǁoƌk;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ fouŶd a ŵaǆiŵuŵ ƌespoŶse at a ŵuĐh higheƌ [“A] ;Ϯϳ.ϱ µMͿ 
thaŶ fouŶd heƌe ;ϱ µM “AͿ suggestiŶg that theiƌ seaǁateƌ ǁas Ŷot oƌgaŶiĐ fƌee. OŶ the otheƌ 
haŶd a sŵall pH diffeƌeŶĐe ŵaǇ haǀe plaǇed a ƌole. 
The ĐaliďƌatioŶ of the staďilitǇ ĐoŶstaŶts is ǀalid foƌ ϭ µM < [“A] < ϭϬϬ µM, ǁhiĐh is 
eƋuiǀaleŶt to ǀalues foƌ Fe-“A ďetǁeeŶ ϯ.ϰ aŶd ϴϱϲ ;Taďle Ϯ.ϯͿ. TakiŶg iŶto aĐĐouŶt pooƌ 
seŶsitiǀitǇ at ϭ aŶd ϭϬϬ µM “A, the deteĐtioŶ ǁiŶdoǁ foƌ Fe speĐiatioŶ ĐaŶ ƌealistiĐallǇ ďe 
ǀaƌied ďetǁeeŶ ϲ aŶd ϯϬϬ, oƌ aďout tǁo oƌdeƌs of ŵagŶitude. Best seŶsitiǀitǇ is oďtaiŶed at 
ϱ µM “A, iŶ spite of a laƌgeƌ peak height iŶ eaƌlǇ poiŶts of a titƌatioŶ ǁith Fe at a higheƌ 
ĐoŶĐeŶtƌatioŶ of “A up to ~Ϯϱ µM “A. CoŵpleǆiŶg ligaŶd titƌatioŶs at ϱ µM “A ǁill shoǁ 
ďetteƌ diffeƌeŶtiatioŶ ďetǁeeŶ iŶoƌgaŶiĐ Fe aŶd oƌgaŶiĐallǇ Đoŵpleǆed Fe thaŶ at a higheƌ 
ĐoŶĐeŶtƌatioŶ of “A. OŶ the otheƌ haŶd, it ǁill ďe iŶteƌestiŶg to studǇ the effeĐt of ǀaƌiatioŶ 
iŶ the deteĐtioŶ ǁiŶdoǁ. This ŵaǇ shed light oŶ ǁhetheƌ ŵoƌe thaŶ oŶe ĐoŵpleǆiŶg ligaŶd is 
pƌeseŶt iŶ seaǁateƌ saŵples. 
 
2.4.4. CoŵpaƌisoŶ of the Ŷeǁ ǀalues of K’Fe’SA aŶd Fe’SA to pƌeǀious ĐaliďƌatioŶs aŶd 
iŵpliĐatioŶs. 
Values foƌ Fe͛-“A ǁeƌe ĐalĐulated foƌ the “A ĐoŶĐeŶtƌatioŶs used iŶ these eǆpeƌiŵeŶts 
aŶd aƌe shoǁŶ iŶ Taďle Ϯ.ϯ. At Ϯϳ.ϱ µM “A ;the “A ĐoŶĐeŶtƌatioŶ ƌeĐoŵŵeŶded pƌeǀiouslǇ 
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;‘ue aŶd BƌulaŶd, ϭϵϵϱͿͿ Fe͛-“A = ϭϯϭ, a little gƌeateƌ thaŶ that ;Fe͛-“A = ϳϯͿ fouŶd pƌeǀiouslǇ 
;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ. At Ϯϱ µM “A  Fe͛-“A = ϭϭϲ, gƌeateƌ thaŶ the ǀalue ;ϳϵͿ fƌoŵ ;BuĐk et 
al., ϮϬϬϳͿ. These diffeƌeŶĐes affeĐt K͛Fe͛L ǀalues, Ŷot ligaŶd ĐoŶĐeŶtƌatioŶs. K͛ ǀalues aƌe 
ŶoƌŵallǇ pƌeseŶted oŶ a log-sĐale ǁheŶ the diffeƌeŶĐe ďetǁeeŶ the Ŷeǁ aŶd old ĐaliďƌatioŶs 
is eƋuiǀaleŶt to ďetǁeeŶ Ϭ.ϭϳ aŶd Ϭ.Ϯϱ log uŶits. The pƌeǀious ĐaliďƌatioŶs ;BuĐk et al., ϮϬϬϳ; 
‘ue aŶd BƌulaŶd, ϭϵϵϱͿ theƌefoƌe agƌee ƌeasoŶaďlǇ ǁith the Ŷeǁ oŶe at the saŵe 
ĐoŶĐeŶtƌatioŶ of “A ;Ϯϱ oƌ Ϯϳ.ϱ µMͿ.  
 
Taďle Ϯ.ϯ. CoŵpaƌisoŶ of the oǀeƌall -ĐoeffiĐieŶt foƌ Fe ǁith “A ;Fe-“AͿ ĐalĐulated usiŶg the 




foƌ Fe’SA Pƌeǀious ǁoƌk 
Ϯ µM “A ϲ.ϴ  
ϱ µM “A ϭϳ.ϵ  
Ϯϱ µM “A 
ϭϭϲ 
ϳϵ ;usiŶg log 
BFe͛“AϮ=ϭϭ.ϭͿ ;BuĐk 
et al., ϮϬϬϳͿ 
Ϯϳ.ϱ µM “A 
ϭϯϭ 
ϳϯ ;‘ue aŶd 
BƌulaŶd, ϭϵϵϱͿ 
ϱϬ µM “A Ϯϵϳ  
ϭϬϬ µM “A ϴϱϲ  
 
The pƌeǀious ĐaliďƌatioŶs ĐaŶŶot ďe eǆteŶded to diffeƌeŶt ĐoŶĐeŶtƌatioŶs of “A as theǇ 
ǁeƌe Đaliďƌated at a siŶgle ĐoŶĐeŶtƌatioŶ of “A ;Ϯϱ µM ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ oƌ Ϯϳ.ϱ µM 
“A ;BuĐk et al., ϮϬϬϳͿͿ. CaliďƌatioŶ at a siŶgle ĐoŶĐeŶtƌatioŶ of “A is of use to get a ǀalue foƌ 
the oǀeƌall Fe͛-“A ďut Ŷot foƌ Fe͛“A aŶd Fe͛“AϮ. Without this iŶfoƌŵatioŶ it is Ŷot possiďle to 
deteƌŵiŶe ǁhiĐh tǇpe of Đoŵpleǆ, Fe“A oƌ Fe“AϮ, oĐĐuƌs iŶ solutioŶ. Ouƌ data fittiŶg shoǁed 
that eitheƌ ĐoŶstaŶt, K͛Fe͛“A oƌ B͛Fe͛“AϮ, ďut Ŷot ďoth, Đould ďe fitted to the ǀoltaŵŵetƌiĐ 
ƌespoŶse as a fuŶĐtioŶ of [EDTA] foƌ a giǀeŶ ĐoŶĐeŶtƌatioŶ of “A. DiffeƌeŶĐes ďeĐaŵe 
appaƌeŶt oŶlǇ ǁheŶ the ĐoŶĐeŶtƌatioŶ of “A ǁas ǀaƌied aŶd theŶ the ĐoƌƌeĐt fits ǁeƌe 
oďtaiŶed foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ ;Fig. Ϯ.ϲ aŶd Taďle Ϯ.ϮͿ. 
The Ŷeǁ ĐoŶditioŶs that aƌe ƌeĐoŵŵeŶded heƌe ;aiƌ-ďlaŶketiŶg aŶd if ŶeĐessaƌǇ aiƌ-
puƌgiŶg if saŵples aƌe Ŷot alƌeadǇ iŶ eƋuiliďƌiuŵ ǁith aiƌ, a loǁeƌ ĐoŶĐeŶtƌatioŶ of “A, aŶd 
diffeƌeŶt staďilitǇ ĐoŶstaŶts to ĐalĐulate Fe͛-“AͿ, giǀe ďetteƌ seŶsitiǀitǇ thaŶ ďefoƌe, aŶd staďle 
ĐoŶditioŶs also ǁheŶ saŵples deƌiǀe fƌoŵ aŶoǆiĐ ǁateƌs. AŶ additioŶal effeĐt is that the 
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deteĐtioŶ ǁiŶdoǁ is ŵoǀed fƌoŵ ϭϭϲ to ϭϴ. This ŵeaŶs that ĐoŵpleǆatioŶ of Fe ďǇ ligaŶds iŶ 
seaǁateƌ Đauses gƌeateƌ suppƌessioŶ of the C“V ƌespoŶse, ǁhiĐh ŵaǇ ŵake foƌ higheƌ 
ƌesolutioŶ. The peak height ŵaǇ ďe ǀeƌǇ loǁ if Fe is Đoŵpleǆed ďǇ ǀeƌǇ stƌoŶg ligaŶds suĐh as 
sideƌophoƌes ďut this is offset to soŵe eǆteŶt ďǇ ďetteƌ seŶsitiǀitǇ. 
A fuƌtheƌ outĐoŵe of this ǁoƌk is that, usiŶg the Đaliďƌated ǀalues foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ 
it is Ŷoǁ possiďle to ǀaƌǇ the deteĐtioŶ ǁiŶdoǁ at ǁhiĐh Fe speĐiatioŶ is deteƌŵiŶed ďǇ 
ǀaƌǇiŶg the ĐoŶĐeŶtƌatioŶ of “A ďetǁeeŶ ϭ aŶd ϭϬϬ M, as the ǀalue foƌ Fe͛-“A ĐaŶ Ŷoǁ ďe 
ĐalĐulated ĐoƌƌeĐtlǇ. Hoǁeǀeƌ, the possiďilitǇ to deteĐt stƌoŶgeƌ ďouŶd Fe at higheƌ [“A] is 
loǁeƌed ďǇ the deĐƌeasiŶg seŶsitiǀitǇ at [“A]>ϱ µM. 
 
2.4.5. ‘eaĐtioŶ kiŶetiĐs 
The dissoĐiatioŶ ƌate of the Đoŵpleǆ of FeIII ǁith ligaŶds, L, iŶ seaǁateƌ ǁas deteƌŵiŶed 
to ďe Ƌuite sloǁ ǁith a ǀalue foƌ the ƌate ĐoeffiĐieŶt of kFeL = Ϭ.ϬϬϭϯϯ ± Ϭ.ϬϬϬϮ s-ϭ. The half-
life of this ƌeaĐtioŶ is ϴ.ϳ ŵiŶutes. This ŵeaŶs that a ƌeaĐtioŶ tiŵe of >ϭ h is ƌeƋuiƌed to 
ƌeaĐh ϵϵ% of the eƋuiliďƌiuŵ ĐoŶditioŶ ďetǁeeŶ FeL aŶd added “A. IŶteƌestiŶglǇ, ƌeĐeŶt 
eǆpeƌiŵeŶts usiŶg “A ;BuĐk et al., ϮϬϬϳͿ fouŶd that the ƌespoŶse staďilised afteƌ ϭ.ϱ h, ǁhiĐh 
is siŵilaƌ to that ĐalĐulated heƌe. Otheƌ ǁoƌk usiŶg TAC has fouŶd that aŶ eǀeŶ loŶgeƌ 
ƌeaĐtioŶ tiŵe of ϲ h is ƌeƋuiƌed to ƌeaĐh eƋuiliďƌiuŵ foƌ the eǆĐhaŶge of iƌoŶ ďetǁeeŶ 
Ŷatuƌal ligaŶds aŶd TAC ;Cƌoot aŶd Helleƌ, ϮϬϭϮͿ possiďlǇ suggestiŶg that TAC does Ŷot ŵake 
use of aŶ assoĐiatiǀe ŵeĐhaŶisŵ ǁhilst “A does. DiffeƌeŶt speĐies ŵaǇ haǀe ǀaƌǇiŶg 
dissoĐiatioŶ ƌates, aŶd ouƌ ǁoƌk ĐoŶfiƌŵs that a loŶg eƋuiliďƌatioŶ tiŵe is of the esseŶĐe. The 
ƌeaĐtioŶ tiŵe to ƌeaĐh ϵϵ% of the eƋuiliďƌiuŵ ĐoŶditioŶ ďetǁeeŶ “A aŶd Fe Đoŵpleǆed ǁith 
L is sigŶifiĐaŶtlǇ ;aďout ϵǆͿ gƌeateƌ thaŶ that ;ϭϬ -ϭϱ ŵiŶͿ ƌeĐoŵŵeŶded iŶ the pƌeǀious 
ǁoƌk usiŶg “A ;BuĐk et al., ϮϬϬϳ; ‘ue aŶd BƌulaŶd, ϭϵϵϱͿ. This pƌeǀious ǁoƌk ďased theiƌ 
ƌeĐoŵŵeŶdatioŶ oŶ the oďseƌǀed ƌate at ǁhiĐh added Fe is ďouŶd ďǇ L aŶd suďseƋueŶtlǇ 
ďouŶd ǁith “A. Ouƌ ŵeasuƌeŵeŶt shoǁs that this is Ŷot ǀalid foƌ aŶǇ Fe alƌeadǇ Đoŵpleǆed 
ǁith L at the ďegiŶŶiŶg of the titƌatioŶ, ǁhiĐh affeĐts loǁ Fe ĐoŶĐeŶtƌatioŶs < the 
ĐoŶĐeŶtƌatioŶ of the Ŷatuƌal ligaŶd, ǁheƌeas aŶǇ Fe iŶ eǆĐess ǁould teŶd to ƌeaĐt ŵuĐh 
ŵoƌe ƋuiĐklǇ. The effeĐt of usiŶg aŶ eƋuiliďƌatioŶ tiŵe that is too shoƌt ǁould Đause aŶ 
uŶdeƌestiŵatioŶ of the Fe that is ďouŶd ďǇ the added “A, aŶd theƌefoƌe aŶ oǀeƌestiŵate of 
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the Đoŵpleǆ staďilitǇ foƌ loǁ Fe leǀels. Theƌefoƌe, use of a shoƌt eƋuiliďƌatioŶ tiŵe Đould lead 
to the appaƌeŶt pƌeseŶĐe of a seĐoŶd ligaŶd that ďiŶds Fe stƌoŶglǇ, at loǁ Fe leǀels. This 
ǁould ĐoŶfiƌŵ ƌeĐeŶt ǁoƌk usiŶg ƌadiotƌaĐeƌs that shoǁed that the laƌgeƌ pool of ǁeakeƌ 
ligaŶds ĐaŶ ƌeaĐt ŵoƌe ƋuiĐklǇ ;Cƌoot aŶd Helleƌ, ϮϬϭϮͿ. 
 
2.4.6. Coŵpleǆ staďilitǇ of DFB aŶd huŵiĐ suďstaŶĐes 
AŶ eƋuiliďƌatioŶ tiŵe of ϰ h had ďeeŶ alloǁed afteƌ the Fe additioŶ, folloǁed ďǇ 
oǀeƌŶight eƋuiliďƌatioŶ afteƌ the additioŶ of “A, to eŶsuƌe that eƋuiliďƌiuŵ ǁas attaiŶed foƌ 
this ĐoŵpleǆiŶg ligaŶd. The ĐoŶĐeŶtƌatioŶ of DFB ;ϯ ŶM ďased oŶ its ŵoleĐulaƌ ǁeightͿ ǁas 
ƌefleĐted iŶ aŶ Fe-ďiŶdiŶg ligaŶd ĐoŶĐeŶtƌatioŶ of ~Ϯ.ϲ ŶM. The Đoŵpleǆ staďilitǇ ǁas 
logK͛Fe͛DFB = ~ϭϮ.Ϯ ;Taďle Ϯ.ϰͿ, ǁhiĐh Đoŵpaƌes to ǀalues of >ϭϯ ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ 
;deteƌŵiŶed ďǇ C“V usiŶg the eaƌlǇ “A ŵethodͿ, ϭϭ.ϲ ;Witteƌ et al., ϮϬϬϬͿ ;deteƌŵiŶed ďǇ 
C“V usiŶg NN as ligaŶdͿ aŶd ϭϭ.ϴ ;MaldoŶado et al., ϮϬϬϱͿ ;deteƌŵiŶed ďǇ C“V usiŶg TAC as 
ligaŶdͿ. MuĐh gƌeateƌ ǀalues haǀe also ďeeŶ fouŶd: foƌ iŶstaŶĐe log K͛Fe͛DFB ~ ϭϲ ;HudsoŶ et 
al., ϭϵϵϮͿ aŶd too stƌoŶg foƌ deteƌŵiŶatioŶ usiŶg TAC ;Cƌoot aŶd JohaŶssoŶ, ϮϬϬϬͿ. The ǀalue 
deteƌŵiŶed heƌe ǁas at the edge of the deteĐtioŶ ǁiŶdoǁ: Fe͛“A = ϭϳ.ϵ at ϱ µM “A, ǁheƌeas 
Fe͛DFB =~ϭϬϯ at ϯ ŶM DFB, i.e. ϱϱ tiŵes gƌeateƌ ;at a faĐtoƌ of ϭϬϬ aďout ϭ% of the Fe oĐĐuƌs 
as Fe“A, ǁhiĐh Đould ďe ĐoŶsideƌed to ďe Ŷeaƌ to the liŵit of deteĐtioŶ ;ǀaŶ deŶ Beƌg aŶd 
DoŶat, ϭϵϵϮͿͿ. The fiƌst ϰ poiŶts of the titƌatioŶ ǁith Fe ;up to Ϭ.ϱ ŶM FeͿ ǁeƌe ďeloǁ the 
liŵit of deteĐtioŶ due to the ŵaskiŶg ďǇ DFB. The Đoŵpleǆ foƌŵatioŶ ƌate of DFB ǁith FeIII iŶ 
seaǁateƌ is ŵuĐh fasteƌ thaŶ ǁith EDTA ;HudsoŶ et al., ϭϵϵϮͿ suggestiŶg that ouƌ 
ŵeasuƌeŵeŶt should haǀe ƌeaĐhed eƋuiliďƌiuŵ, iŶ spite of the high Đoŵpleǆ staďilitǇ. The 
good agƌeeŵeŶt ďetǁeeŶ the ligaŶd ĐoŶĐeŶtƌatioŶ fouŶd ďǇ titƌatioŶ aŶd fƌoŵ the 
ŵoleĐulaƌ ǁeight shoǁs that eƋuiliďƌiuŵ had iŶdeed ďeeŶ attaiŶed.  
The Fe-ďiŶdiŶg ligaŶd ĐoŶĐeŶtƌatioŶ foƌ Ϭ.Ϯ ŵg L-ϭ HA ǁas ϲ.ϭ ŶM ;Taďle Ϯ.ϰͿ, 
eƋuiǀaleŶt to a ďiŶdiŶg ĐapaĐitǇ of ~ϯϭ Ŷŵol ŵg-ϭ HA. This is iŶ ǀeƌǇ good agƌeeŵeŶt ǁith 
that ;ϯϮ Ŷŵol ŵg-ϭ “‘HAͿ fouŶd pƌeǀiouslǇ fƌoŵ the iŶĐƌease of the Fe-HA peak added to 
seaǁateƌ ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ. We fouŶd heƌe usiŶg C“V that log K͛Fe͛HA = ϭϭ.ϲ  
Ϭ.ϭ, soŵeǁhat laƌgeƌ thaŶ a ǀalue of ϭϭ.ϭ fouŶd ďǇ diƌeĐt ŵeasuƌeŵeŶt of the peak height 
foƌ FeHA ǁith ĐoŵpetitioŶ agaiŶst EDTA ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ. The ligaŶd 
  ϴϬ 
ĐoŶĐeŶtƌatioŶ fouŶd foƌ the DFB ;Ϯ.ϱϵ – Ϯ.ϲϰ ŶMͿ appƌoǆiŵatelǇ ŵatĐhed that eǆpeĐted foƌ 
ϭ:ϭ ďiŶdiŶg ďetǁeeŶ Fe aŶd DFB. 
 
Taďle Ϯ.ϰ. CoŶĐeŶtƌatioŶs of Fe iŶ ƌefeƌeŶĐe seaǁateƌ aŶd ƌesults of ĐoŵpleǆiŶg ligaŶd titƌatioŶs. The 
CeltiĐ “ea saŵple ƌepƌeseŶts seaǁateƌ fƌoŵ seǀeƌal depths, filteƌed aŶd theŶ stoƌed iŶ a ϱϬ L 
ĐoŶtaiŶeƌ; it has a saliŶitǇ of ϯϱ.Ϭ. The GeotƌaĐes saŵples had ďeeŶ stoƌed fƌozeŶ at Ŷatuƌal pH. 
“taŶdaƌd deǀiatioŶs iŶ the ligaŶd ĐoŶĐeŶtƌatioŶs ǁeƌe ĐalĐulated fƌoŵ data fittiŶg. The puƌitǇ of the 
DFB ǁas ≥ϵϮ.ϱ%. The ĐoŶĐeŶtƌatioŶ of Fe iŶ the UV-seaǁateƌ used foƌ the DFB aŶd HA titƌatioŶs ǁas 
Ϭ.ϰϱ  Ϭ.Ϭϱ ŶM. 
 
Fe iŶ ƌefeƌeŶĐe 
seaǁateƌ 
Fe fouŶd ;ŶMͿ RefeƌeŶĐe ǀalue 
;Ŷŵol/kgͿ 
Log K’Fe’L 
“AFe “ Ϭ.ϬϵϮ  Ϭ.ϬϬϴ Ϭ.ϬϵϬ  Ϭ.ϬϬϳ  
“AFe Dϭ Ϭ.ϲϵ  Ϭ.Ϭϱ Ϭ.ϲϳ  Ϭ.Ϭϳ  
“AFe DϮ Ϭ.ϵϯ ± Ϭ.Ϭϯ Ϭ.ϵϬ ± Ϭ.ϬϮ  
    
Seaǁateƌ saŵples [Fed] ;ŶMͿ CL ;ŶMͿ Log K’Fe’L 
CeltiĐ Ϭ.ϲϲ ± Ϭ.Ϭϰ Ϯ.ϱϯ ± Ϭ.ϬϮ ϭϭ.ϱ ± Ϭ.Ϯ 
GeotƌaĐes ϴϬϰϳ Ϭ.ϭϮ  Ϭ.Ϭϭ ϭ.ϰϵ ± Ϭ.ϭϳ ϭϭ.ϵ ± Ϭ.ϭ 
GeotƌaĐes ϳϱϱϲ Ϭ.ϭϮ  Ϭ.Ϭϭ ϭ.ϰϳ ± Ϭ.Ϭϭ ϭϭ.ϭ ± Ϭ.Ϭϭ 
PoteŶtial ligaŶds 
added to UV-SW 
 CL ;ŶMͿ Log K’Fe’L 
DFB ;ϯ ŶMͿ  Ϯ.ϱϵ  Ϭ.ϰϭ ϭϮ.ϭϳ  Ϭ.Ϯϲ 
DFB ;ϯ ŶMͿ  Ϯ.ϲϰ  Ϭ.ϰϱ ϭϮ.ϭϱ  Ϭ.Ϯϳ 
HA ;Ϭ.Ϯ ŵg L-ϭͿ  ϲ.ϭ  Ϭ.Ϯ ϭϭ.ϲ  Ϭ.ϭ 
HA ;Ϭ.Ϯ ŵg L-ϭͿ  ϲ.ϭ  Ϭ.Ϯ ϭϭ.ϳ  Ϭ.ϭ 
 
 
2.4.7. IƌoŶ speĐiatioŶ iŶ AtlaŶtiĐ saŵples 
TitƌatioŶs of AtlaŶtiĐ saŵples ;GEOT‘ACE“ aŶd CeltiĐ “eaͿ shoǁed the pƌeseŶĐe of ϭ.ϰϳ 
to Ϯ.ϱϯ ŶM of ligaŶds ǁith ǀalues foƌ log K͛Fe͛L fƌoŵ ϭϭ.ϭ to ϭϭ.ϵ ;Taďle Ϯ.ϰͿ, oǀeƌlappiŶg ǁith 
the Đoŵpleǆ staďilitǇ of “‘-HA ;log K͛Fe͛HA=ϭϭ.ϲͿ aŶd less thaŶ that foƌ DFB ;log K͛Fe͛DFB=ϭϮ.ϮͿ. 
This pƌeliŵiŶaƌǇ ĐoŵpaƌisoŶ of ligaŶds suggests that the ďulk of the Ŷatuƌal ligaŶds do Ŷot 
iŶĐlude sideƌophoƌes of the tǇpe of DFB. “ideƌophoƌes haǀe ďeeŶ fouŶd pƌeǀiouslǇ iŶ suƌfaĐe 
oĐeaŶ ǁateƌs at leǀels <ϮϬ pM ;VelasƋuez et al., ϮϬϭϭͿ; suĐh loǁ piĐoŵolaƌ leǀels of 
sideƌophoƌes ǁould ďe haƌd to deteĐt ďǇ this ŵethod as theiƌ ĐoŶĐeŶtƌatioŶ is ŵuĐh less 
thaŶ that of iƌoŶ.  
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AĐkŶoǁledgeŵeŶts 
We aƌe gƌateful foƌ tǁo ǁateƌ saŵples that ǁeƌe ĐolleĐted usiŶg tƌaĐe ŵetal ĐleaŶ 
teĐhŶiƋues ďǇ Geo “ŵith, fƌoŵ the laďoƌatoƌǇ of KeŶ BƌulaŶd ;UC“CͿ duƌiŶg a GEOT‘ACE“ 
Đƌuise, aŶd used heƌe to test the ŵethod. A laƌge ;ϱϬ LͿ ǁateƌ saŵple ǁas oďtaiŶed fƌoŵ the 
CeltiĐ “ea ďǇ HaŶŶah WhitďǇ ;OĐeaŶ “ĐieŶĐes, LiǀeƌpoolͿ duƌiŶg a Đƌuise ǁith the DisĐoǀeƌǇ 
iŶ ϮϬϭϮ ;PI JoŶathaŶ “haƌples, Liǀeƌpool UŶiǀeƌsitǇͿ. The ƌeseaƌĐh of Mahŵoud Aďualhajia 
ǁas fuŶded ďǇ the UŶiǀeƌsitǇ of JoƌdaŶ. We used softǁaƌe of Daƌio OŵaŶoǀiĐ ;)agƌeď, 
CƌoatiaͿ foƌ Đoŵpaƌatiǀe data fittiŶg of the ligaŶd titƌatioŶs. We aĐkŶoǁledge ĐoŵŵeŶts 
fƌoŵ Peteƌ Cƌoot aŶd aŶoŶǇŵous ƌefeƌees that ǁeƌe ďeŶefiĐial to this papeƌ. 
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3. COMPETITION BETWEEN COPPER AND IRON FOR HUMIC 




We deteƌŵiŶed the ĐoŶĐeŶtƌatioŶ of iƌoŶ- aŶd Đoppeƌ-ďiŶdiŶg huŵiĐ suďstaŶĐes ;Fe-
H“ aŶd Cu-H“Ϳ iŶ estuaƌiŶe ǁateƌs aloŶg ǁith the ĐoŶĐeŶtƌatioŶs of iƌoŶ- aŶd Đoppeƌ-
ĐoŵpleǆiŶg ligaŶds ;LFe aŶd LCuͿ. “uǁaŶŶee ‘iǀeƌ huŵiĐ aĐid ;“‘HAͿ ǁas used as a huŵiĐ 
staŶdaƌd. The Đoŵpleǆ staďilitǇ of Fe ǁith saliĐǇlaldoǆiŵe ;“AͿ ǁas Đaliďƌated foƌ saliŶities 
ďetǁeeŶ ϰ aŶd ϯϱ aŶd fitted to liŶeaƌ eƋuatioŶs to eŶaďle Fe speĐiatioŶ iŶ estuaƌiŶe ǁateƌs: 
K´Fe´“A= -Ϯ.ϵϴ ǆϭϬϰ × “al+ ϰ.ϲϬ ǆϭϬϲ aŶd log B´Fe´“AϮ= -ϭ.ϰϭ × log “al + ϭϮ.ϴϱ. The ĐoŶĐeŶtƌatioŶ 
of Cu-H“ iŶ ǁateƌs fƌoŵ the MeƌseǇ estuaƌǇ aŶd Liǀeƌpool ďaǇ ǁas less thaŶ the oǀeƌall 
ligaŶd ĐoŶĐeŶtƌatioŶ ;[Cu-H“]/LCu = Ϭ.ϲϵ Ϭ.ϬϱͿ suggestiŶg that a seĐoŶd ligaŶd ǁas of 
iŵpoƌtaŶĐe to Cu ĐoŵpleǆatioŶ. The ĐoŶĐeŶtƌatioŶ of Fe-H“ ǁas ǀiƌtuallǇ eƋual to the total 
ligaŶd ĐoŶĐeŶtƌatioŶ foƌ Fe ;[Fe-H“]/LFe = Ϭ.ϵϱϬ.ϭϲͿ ĐoŶfiƌŵiŶg that huŵiĐs aƌe ƌespoŶsiďle 
foƌ Fe ĐoŵpleǆatioŶ iŶ these ǁateƌs. The ĐoŶĐeŶtƌatioŶ of H“ deteƌŵiŶed fƌoŵ Fe-H“ ǁas 
ǁithiŶ ϰ % of that fouŶd fƌoŵ Cu-H“, ĐoŶfiƌŵiŶg that the saŵe suďstaŶĐe is deteĐted. The 
aǀeƌage Đoŵpleǆ staďilitǇ ;log K͛Fe͛LͿ ǁas ϭϭ.ϮϬ.ϭ, the saŵe as foƌ log K͛Fe͛-“‘HA. Coppeƌ 
additioŶs deŵoŶstƌated ĐoŵpetitioŶ ďetǁeeŶ Cu aŶd Fe foƌ the H“-tǇpe ligaŶds. This 
ĐoŵpetitioŶ ǁas used to deteƌŵiŶe the Đoŵpleǆ staďilitǇ foƌ the Cu-H“ speĐies, giǀiŶg a 
ǀalue of ϭϬ.ϲϬ.ϰ foƌ logK͛Cu͛H“, ǁhiĐh is ŶeaƌlǇ a uŶit less thaŶ the Đoŵpleǆ staďilitǇ, logK͛Cu͛L 
= ϭϭ.ϰϬ.Ϯ, fouŶd foƌ all Cu ligaŶds ;the H“ aŶd the uŶkŶoǁŶ ligaŶd ĐoŵďiŶedͿ. The 
ĐoŵpetitioŶ affeĐts the ĐoŵpleǆatioŶ of ďoth ŵetals ǁith H“-tǇpe ligaŶds. EǆtƌapolatioŶ of 
the ĐoŶĐeŶtƌatioŶ of Fe-H“ to aŶ oĐeaŶ saliŶitǇ of ϯϱ giǀes a ƌesidual leǀel of Ϭ.Ϭϱ ŵg H“ L-ϭ, 
eƋuiǀaleŶt to aŶ Fe-ďiŶdiŶg ligaŶd ĐoŶĐeŶtƌatioŶ of ϭ.ϱ ŶM. If H“-tǇpe ligaŶds aƌe ĐoŶfiƌŵed 
to ďe uďiƋuitous iŶ Đoastal oƌ oĐeaŶ ǁateƌs, ĐoŵpetitioŶ ƌeaĐtioŶs Đould ďe of iŵpoƌtaŶĐe to 





  ϴϴ 
3.1. IŶtƌoduĐtioŶ 
IƌoŶ ;FeͿ aŶd Đoppeƌ ;CuͿ oĐĐuƌ Đoŵpleǆed ǁith oƌgaŶiĐ ŵatteƌ iŶ ǁateƌs fƌoŵ 
estuaƌiŶe aŶd oĐeaŶiĐ oƌigiŶ ;BuĐk et al., ϮϬϬϳ; Caŵpos aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰ; Gledhill aŶd 
ǀaŶ deŶ Beƌg, ϭϵϵϰ; Mulleƌ aŶd BatĐhelli, ϮϬϭϯ; ‘ue aŶd BƌulaŶd, ϭϵϵϱ; “aŶdeƌ et al., ϮϬϭϰ; 
ǀaŶ deŶ Beƌg, ϭϵϵϱͿ iŶ spite of ĐoŵpetitioŶ ďǇ the ŵajoƌ ĐatioŶs that oĐĐuƌ at ĐoŶĐeŶtƌatioŶs 
tǇpiĐallǇ ϭϬϲ tiŵes gƌeateƌ. Metal ĐoŵpleǆatioŶ is iŵpoƌtaŶt ďeĐause it affeĐts the ŵetal 
geoĐheŵistƌǇ aŶd ďioaǀailaďilitǇ. The ŵaiŶ ƌeŵoǀal pathǁaǇ of fƌeshlǇ added ŵetals iŶ 
estuaƌiŶe aŶd Đoastal ǁateƌs is ďǇ sĐaǀeŶgiŶg ǁith suspeŶded paƌtiĐulate ŵatteƌ ;“PMͿ 
;AĐhteƌďeƌg et al., ϭϵϵϵ; Ellǁood et al., ϮϬϬϴ; Li et al., ϭϵϴϰͿ, iŶ additioŶ to ďiologiĐal uptake 
iŶ oĐeaŶ ǁateƌs ;Balistƌieƌi et al., ϭϵϴϭͿ. Dissolǀed ĐoŵpleǆatioŶ ƌeaĐtioŶs aƌe iŶ ĐoŵpetitioŶ 
ǁith the ƌeŵoǀal pƌoĐesses ;TuƌŶeƌ et al., ϭϵϵϴ; ǀaŶ deŶ Beƌg et al., ϭϵϴϳͿ. CoŵpleǆatioŶ 
also affeĐts aǀailaďilitǇ to ŵiĐƌooƌgaŶisŵs leadiŶg to feedďaĐk ƌeaĐtioŶs, as eǆeŵplified ďǇ 
ƌeleases of eǆopolǇsaĐĐhaƌides fƌoŵ ŵaƌiŶe ďaĐteƌia ;Hassleƌ et al., ϮϬϭϭͿ, aŶd otheƌ ligaŶds 
;Eldƌidge et al., ϮϬϬϰ; Weaǀeƌ et al., ϮϬϬϯͿ. IŵpoƌtaŶtlǇ, the soluďilitǇ of Fe is eŶhaŶĐed ďǇ 
oƌgaŶiĐ ĐoŵpleǆatioŶ ;“Đhlosseƌ aŶd Cƌoot, ϮϬϬϵͿ ĐausiŶg the eleŵeŶt to ƌeŵaiŶ iŶ solutioŶ 
alloǁiŶg ŵoƌe tiŵe foƌ uptake ďǇ ŵiĐƌooƌgaŶisŵs.   
Coppeƌ ;CuͿ speĐiatioŶ iŶ seaǁateƌ is doŵiŶated ďǇ oƌgaŶiĐ ĐoŵpleǆatioŶ ;BƌulaŶd et 
al., ϮϬϬϬ; BuĐk aŶd BƌulaŶd, ϮϬϬϱ; Kogut aŶd Voelkeƌ, ϮϬϬϯͿ. Thiols haǀe ďeeŶ ideŶtified as 
oŶe tǇpe of Cu-ďiŶdiŶg ligaŶds ;DupoŶt et al., ϮϬϬϰ; Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϯ; Le Gall 
aŶd ǀaŶ deŶ Beƌg, ϭϵϵϴͿ aŶd huŵiĐ suďstaŶĐes ;H“Ϳ aƌe likelǇ aŶotheƌ ligaŶd ;Kogut aŶd 
Voelkeƌ, ϮϬϬϭ; Mulleƌ aŶd BatĐhelli, ϮϬϭϯ; “haŶk et al., ϮϬϬϰ; Xue aŶd “igg, ϭϵϵϵͿ. Cu-ďiŶdiŶg 
ligaŶds ;“kƌaďal et al., ϭϵϵϳͿ aŶd thiols ;ChapŵaŶ et al., ϮϬϬϵͿ haǀe ďeeŶ shoǁŶ to eŵaŶate 
fƌoŵ poƌe-ǁateƌs iŶto shalloǁ suƌfaĐe ǁateƌs. Cu-H“ speĐies haǀe ƌeĐeŶtlǇ ďeeŶ shoǁŶ to 
oĐĐuƌ iŶ estuaƌiŶe ǁateƌs ;WhitďǇ aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ.  
The Đoŵpleǆ staďilitǇ is a fuŶĐtioŶ of the staďilitǇ ĐoŶstaŶt ;K͛CuLͿ, ǁhiĐh is ĐoŶditioŶal 
upoŶ side-ƌeaĐtioŶs of the ligaŶd ǁith ĐoŵpetiŶg ĐatioŶs, aŶd the ligaŶd ĐoŶĐeŶtƌatioŶ. 
Natuƌal ǁateƌs ĐoŶtaiŶiŶg ligaŶds of ǀaƌious souƌĐes ;teƌƌestƌial, ďƌeak doǁŶ pƌoduĐts of 
plaŶt ŵateƌials, aŶd iŶ-situ pƌoduĐed ďǇ ŵiĐƌooƌgaŶisŵsͿ, ĐoŶtaiŶ a ŵiǆtuƌe of ligaŶds that 
foƌŵ stƌoŶg as ǁell as ǁeak Đoŵpleǆes, that ĐaŶ ďe ĐƌudelǇ suďdiǀided iŶto ligaŶd Đlasses. 
Log K͛CuL ǀalues ǀaƌǇ ďetǁeeŶ ligaŶd Đlasses, tǇpiĐallǇ ƌaŶgiŶg fƌoŵ log K͛Cu͛L = ϴ-ϭϬ foƌ ǁeak 
ligaŶds ;LϮ tǇpeͿ ;DoŶat et al., ϭϵϵϰ; Moffett et al., ϭϵϵϬͿ to as high as log K͛Cu͛L  = ϭϱ foƌ 
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stƌoŶg ligaŶds ;Lϭ tǇpeͿ ;BuŶdǇ et al., ϮϬϭϯͿ ;these ĐoŶstaŶts ǁeƌe ĐoŶǀeƌted to the Cu͛ sĐale 
usiŶg a ǀalue foƌ Cu͛ of ~ϮϬ ǀalid foƌ pH ϴ seaǁateƌ ;WhitďǇ aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿͿ. 
“uǁaŶŶee ‘iǀeƌ huŵiĐ aĐid ;“‘HAͿ giǀes a log K͛Cu͛“‘HA  = ϭϬ.ϳ iŶ seaǁateƌ ;Kogut aŶd 
Voelkeƌ, ϮϬϬϭ; WhitďǇ aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. EstuaƌiŶe ǁateƌs haǀe ďeeŶ ƌepoƌted to haǀe 
ligaŶds foƌ Cu ǁith a Đoŵpleǆ staďilitǇ of log K͛Cu͛L ƌaŶgiŶg fƌoŵ ϭϭ-ϭϲ ;Mulleƌ aŶd BatĐhelli, 
ϮϬϭϯͿ eŶĐoŵpassiŶg that of H“ ďut also seǀeƌal thiol ĐoŵpouŶds ;DƌǇdeŶ et al., ϮϬϬϳͿ.  
The speĐiatioŶ of iƌoŶ ;FeͿ is, like Cu, doŵiŶated ďǇ oƌgaŶiĐ ĐoŵpleǆatioŶ aŶd it teŶds 
to oĐĐuƌ >ϵϵ% Đoŵpleǆed ǁith oƌgaŶiĐ ŵatteƌ iŶ sea ;Gledhill aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰ; ‘ue 
aŶd BƌulaŶd, ϭϵϵϱ; ǀaŶ deŶ Beƌg, ϭϵϵϱͿ aŶd estuaƌiŶe ǁateƌs ;BatĐhelli et al., ϮϬϭϬ; 
‘ijkeŶďeƌg et al., ϮϬϬϲͿ. “ideƌophoƌes ;loǁ-ŵoleĐulaƌ ǁeight, high-affiŶitǇ Fe;IIIͿ-ďiŶdiŶg 
ligaŶds seĐƌeted ďǇ ďaĐteƌiaͿ ;MaĐƌellis et al., ϮϬϬϭ; Maǁji et al., ϮϬϭϭ; VelasƋuez et al., 
ϮϬϭϭͿ aŶd huŵiĐ suďstaŶĐes ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ haǀe ďeeŶ ƌepoƌted as Fe-
ďiŶdiŶg ligaŶds. CeƌtaiŶ Ŷatuƌal ligaŶds, suĐh as doŵoiĐ aĐid, aƌe kŶoǁŶ to ďe Đoŵpleǆed 
ǁith ďoth Đoppeƌ aŶd iƌoŶ iŶ seaǁateƌ ;‘ue aŶd BƌulaŶd, ϮϬϬϭͿ suggestiŶg that ŵetal 
ĐoŵpetitioŶ Đould plaǇ a ƌole. It has ďeeŶ suggested that Fe uptake ďǇ Pseudo-ŶitzsĐhia is 
ƌegulated ďǇ ďoth doŵoiĐ aĐid aŶd Đoppeƌ ;Wells et al., ϮϬϬϱͿ, ǁhiĐh Đould possiďlǇ ďe 
eǆplaiŶed ďǇ ĐoŵpetitioŶ ƌeaĐtioŶs.  
“peĐiatioŶ ŵeasuƌeŵeŶt is geŶeƌallǇ ďǇ ĐathodiĐ stƌippiŶg ǀoltaŵŵetƌǇ ;C“VͿ ŵakiŶg 
use of ĐoŵpetitioŶ ďetǁeeŶ aŶ added ligaŶd, ǁhiĐh foƌŵs aŶ eleĐtƌoaĐtiǀe Đoŵpleǆ, aŶd 
Ŷatuƌal ĐoŵpleǆiŶg ŵatteƌ. UsiŶg this teĐhŶiƋue the ĐoŶĐeŶtƌatioŶ aŶd Đoŵpleǆ staďilitǇ of 
Ŷatuƌal ĐoŵpleǆiŶg ligaŶds of Cu aŶd Fe haǀe ďeeŶ deteƌŵiŶed iŶ estuaƌiŶe ;BuĐk et al., 
ϮϬϬϳ; GeƌƌiŶga et al., ϮϬϬϳͿ, Đoastal ;BuĐk aŶd BƌulaŶd, ϮϬϬϱ; Mulleƌ aŶd BatĐhelli, ϮϬϭϯ; 
“aŶdeƌ et al., ϮϬϭϰͿ aŶd oĐeaŶ ǁateƌs ;BuĐk et al., ϮϬϭϮ; ‘ue aŶd BƌulaŶd, ϭϵϵϱ; ǀaŶ deŶ 
Beƌg, ϭϵϵϱͿ. CoŵpetitioŶ ďetǁeeŶ the ŵetals foƌ ligaŶds oĐĐuƌƌiŶg iŶ Ŷatuƌal ǁateƌs has Ŷot 
ďeeŶ deŵoŶstƌated though ĐoŵpetitioŶ has ďeeŶ shoǁŶ ďetǁeeŶ Fe, Cu ;WhitďǇ aŶd ǀaŶ 
deŶ Beƌg, ϮϬϭϰͿ, Al aŶd Co foƌ ĐoŵpleǆatioŶ ǁith “uǁaŶŶee ‘iǀeƌ huŵiĐ suďstaŶĐes ;“‘HA 
aŶd “‘FAͿ added to seaǁateƌ ;YaŶg aŶd VaŶ deŶ Beƌg, ϮϬϬϵͿ.  
It is possiďle to deteƌŵiŶe speĐifiĐ ligaŶds iŶ seaǁateƌ oŶ the ďasis of the speĐifiĐ C“V 
ƌespoŶse of theiƌ ŵetal speĐies. This has ďeeŶ used to ideŶtifǇ Cu ďiŶdiŶg thiols ;Al-Faƌaǁati 
aŶd VaŶ DeŶ Beƌg, ϮϬϬϭ; Le Gall aŶd ǀaŶ deŶ Beƌg, ϭϵϵϯͿ, Cu aŶd Fe ďiŶdiŶg huŵiĐ 
suďstaŶĐes ;Lagleƌa et al., ϮϬϬϳ; WhitďǇ aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ, aŶd ǀaƌious sulfuƌ speĐies 
  ϵϬ 
;Lutheƌ III aŶd FeƌdelŵaŶ, ϭϵϵϯ; ‘ozaŶ et al., ϮϬϬϬͿ.  
UsiŶg the ligaŶd ĐoŵpetitioŶ ŵethod it has Ŷot ďeeŶ possiďle to iŶǀestigate 
ĐoŵpetitioŶ ďetǁeeŶ ŵetals foƌ Ŷatuƌal ĐoŵpleǆiŶg ligaŶds ďeĐause the added ĐoŵpetiŶg 
ligaŶd affeĐts the speĐiatioŶ of all ŵetals. Heƌe ǁe ŵake use of the sigŶal foƌ speĐifiĐ ligaŶds 
;huŵiĐ suďstaŶĐes pƌeseŶt iŶ the seaǁateƌͿ to iŶǀestigate ĐoŵpetitioŶ ďetǁeeŶ Cu aŶd Fe 
foƌ these ligaŶds iŶ estuaƌiŶe aŶd Đoastal ǁateƌs. CoŶĐeŶtƌatioŶs of Đoppeƌ aŶd iƌoŶ ďiŶdiŶg 
ligaŶds ǁeƌe deteƌŵiŶed sepaƌatelǇ usiŶg ligaŶd ĐoŵpetitioŶ teĐhŶiƋues aŶd fƌoŵ the sigŶal 




VoltaŵŵetƌiĐ appaƌatus ǁas a µAutolaď-III poteŶtiostat ;EĐoĐheŵie, NetheƌlaŶdsͿ 
ĐoŶŶeĐted to a haŶgiŶg ŵeƌĐuƌǇ dƌop eleĐtƌode ;HMDE, Metƌohŵ ϲϲϯVAͿ, the ǀoltaŵŵetƌiĐ 
sǇsteŵ ǁas Đoŵputeƌ-ĐoŶtƌolled usiŶg the GPE“ ϰ.ϵ softǁaƌe. The ƌefeƌeŶĐe eleĐtƌode ǁas 
Ag/AgCl ǁith a ϯ M KCl salt ďƌidge, aŶd the ĐouŶteƌ eleĐtƌode ǁas a glassǇ ĐaƌďoŶ ƌod. The 
stiƌƌeƌ ǁas a ƌotatiŶg PTFE ƌod. GPE“ softǁaƌe ǁas used to ĐoŶtƌol the iŶstƌuŵeŶt. Appaƌatus 
used foƌ Cu deteĐtioŶ used ŶitƌogeŶ foƌ oǆǇgeŶ ƌeŵoǀal, ǁheƌeas appaƌatus used foƌ Fe aŶd 
Fe-speĐiatioŶ ǁas pƌessuƌised usiŶg aiƌ ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ iŶ oƌdeƌ to 
eŶsuƌe that the ĐoŶĐeŶtƌatioŶ of dissolǀed oǆǇgeŶ ;DOͿ ǁas ĐoŶstaŶt duƌiŶg the 
ŵeasuƌeŵeŶts. The softǁaƌe ǁas ĐhaŶged to disĐaƌd Ϯ ŵeƌĐuƌǇ dƌops ;iŶstead of ϰͿ 
ďetǁeeŶ sĐaŶs. Wateƌ used foƌ ƌiŶsiŶg aŶd dilutioŶ of ƌeageŶts ;MQͿ ǁas puƌified ďǇ ƌeǀeƌse 
osŵosis ;MillipoƌeͿ aŶd deioŶisatioŶ ;Milli-QͿ. Glass aŶd PTFE ǀoltaŵŵetƌiĐ Đells used foƌ 
total ŵetal deteƌŵiŶatioŶ ǁeƌe ĐleaŶed usiŶg Ϭ.ϭ M HCl aŶd ƌiŶsed ǁith deioŶised ǁateƌ 
folloǁed ďǇ UV-digested saŵple ďefoƌe ŵeasuƌeŵeŶts. Vessels used foƌ titƌatioŶs ǁeƌe MQ-
ƌiŶsed aďout oŶĐe a ǁeek ďut ǁeƌe Ŷot ŶoƌŵallǇ ƌiŶsed ďetǁeeŶ titƌatioŶs to ŵiŶiŵise de-
ĐoŶditioŶiŶg. pH ŵeasuƌeŵeŶts ;Metƌohŵ ŵodels ϲϬϱ aŶd ϴϮϳͿ ǁeƌe Đaliďƌated agaiŶst pH 
ϳ aŶd pH ϰ staŶdaƌds oŶ the NB“ pH sĐale. The ƌefeƌeŶĐe seĐtioŶ of the ĐoŵďiŶed pH 
eleĐtƌode ǁas filled ǁith ϯ M KCL. Total dissolǀed ŵetal ĐoŶĐeŶtƌatioŶs ǁeƌe deteƌŵiŶed ďǇ 
C“V afteƌ ϭ h UV-digestioŶ of aĐidified saŵples ;ϮϬ µL ϱϬ% HCl ;ϭϬ ŵLͿ-ϭͿ eitheƌ iŶ ϯϬ-ŵL 
PTFE-Đapped Ƌuaƌtz saŵple tuďes usiŶg a ϭϮϱ-W UV sǇsteŵ ;fitted ǁith a high-pƌessuƌe 
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ŵeƌĐuƌǇ ǀapouƌ laŵpͿ ;VaŶ DeŶ Beƌg, ϮϬϭϰͿ oƌ iŶ the ǀoltaŵŵetƌiĐ Đell ǁith a hoƌizoŶtal UV 
laŵp. pH ŶeutƌalisatioŶ ǁas ďǇ additioŶ of aŵŵoŶia aŶd ďoƌate pH ďuffeƌ. UV aďsoƌďaŶĐe of 
dissolǀed huŵiĐ ŵatteƌ ǁas ŵeasuƌed oŶ a JeŶǁaǇ ϳϯϭϱ speĐtƌophotoŵeteƌ set to ϯϱϱ Ŷŵ 
iŶ polǇstǇƌeŶe Đells of ϭ Đŵ path leŶgth. BaĐkgƌouŶd ĐoƌƌeĐtioŶ ǁas agaiŶst UV seaǁateƌ. The 
aďsoƌďaŶĐe of eaĐh statioŶ ǁas Đoŵpaƌed to a ĐaliďƌatioŶ Đuƌǀe of HA staŶdaƌds to ƋuaŶtifǇ 
the H“ iŶ saŵples, siŵilaƌ to that used foƌ ĐhƌoŵophoƌiĐ dissolǀed oƌgaŶiĐ ŵatteƌ ;CDOMͿ 
;ChaŶudet et al., ϮϬϬϲ; HoŶg et al., ϮϬϬϱ; Lagleƌa et al., ϮϬϬϳͿ. 
 
3.2.2. ReageŶts 
Cu aŶd Fe staŶdaƌd solutioŶs ǁeƌe atoŵiĐ aďsoƌptioŶ speĐtƌoŵetƌǇ staŶdaƌd solutioŶs 
;BDH “peĐtƌosoL gƌadeͿ diluted ǁith MQ ǁateƌ; HCl ǁas added to a pH of Ϯ. TǇpiĐallǇ ϮϬ ŵL 
ǁas pƌepaƌed of these solutioŶs, ǁhiĐh ǁeƌe staďle aŶd ǁeƌe ƌeplaĐed oŶlǇ ǁheŶ the leǀel 
ƌaŶ loǁ. AŶ aƋueous stoĐk solutioŶ ĐoŶtaiŶiŶg Ϭ.ϭ M saliĐǇlaldoǆiŵe ;“AͿ ǁas pƌepaƌed iŶ Ϭ.ϭ 
M HCl. ‘efeƌeŶĐe huŵiĐ aŶd fulǀiĐ aĐid used foƌ ĐaliďƌatioŶs ǁeƌe “uǁaŶŶee ‘iǀeƌ HA 
;IŶteƌŶatioŶal HuŵiĐ “uďstaŶĐes “oĐietǇ ;IH““Ϳ “taŶdaƌd II Ϯ“ϭϬϭHͿ aŶd FA ;IH““ staŶdaƌd II 
Ϯ“ϭϬϭFͿ, ǁhiĐh ǁeƌe dissolǀed iŶ MQ ǁateƌ to a ĐoŶĐeŶtƌatioŶ of Ϭ.ϭ g L-ϭ aŶd stoƌed iŶ the 
daƌk at ϰ ◦C ǁheŶ Ŷot iŶ use. ϭ M sodiuŵ ďiĐaƌďoŶate ;“igŵa AldƌiĐhͿ iŶ MQ ǁateƌ ǁas 
diluted to Ϯ ŵM aŶd used to dilute seaǁateƌ to loǁeƌ saliŶitǇ. A pH ďuffeƌ ĐoŶtaiŶiŶg ϭ M 
ďoƌiĐ aĐid ;Aƌistaƌ gƌadeͿ aŶd Ϭ.ϯϱ M aŵŵoŶia ;MO“ gƌade, Fisheƌ “ĐieŶtifiĐͿ ǁas UV-
iƌƌadiated foƌ ϰϱ ŵiŶ to ƌeŵoǀe oƌgaŶiĐ ĐoŶtaŵiŶaŶts. A ďƌoŵate stoĐk solutioŶ ĐoŶtaiŶiŶg 
Ϭ.ϰ M potassiuŵ ďƌoŵate ;Fisheƌ “ĐieŶtifiĐͿ ǁas used foƌ the deteƌŵiŶatioŶ of Fe-ďiŶdiŶg 
H“. CoŶtaŵiŶatiŶg ŵetals ǁeƌe ƌeŵoǀed fƌoŵ the ďuffeƌ aŶd ďƌoŵate solutioŶs ďǇ 
oǀeƌŶight eƋuiliďƌatioŶ ǁith ϭϬϬ µM MŶOϮ ;ǀaŶ deŶ Beƌg, ϭϵϴϮͿ aŶd theŶ filteƌed ;Ϭ.Ϯ µŵ 
iŶoƌgaŶiĐ ŵeŵďƌaŶe, WhatŵaŶͿ; ϭϬϬ µL of the ďuffeƌ iŶ ϭϬ ŵL seaǁateƌ gaǀe a pHNB“ of 
ϴ.ϭϴ. 
All saŵple ĐoŶtaiŶeƌs ǁeƌe ĐleaŶed iŶ ϯ steps: fiƌst ďǇ soakiŶg foƌ ϭ ǁeek iŶ ϭ % 
deteƌgeŶt iŶ ǁaƌŵ MQ-ǁateƌ, folloǁed ďǇ soakiŶg foƌ ϭ ǁeek iŶ ϭ M HCl ;AŶalaƌ gƌadeͿ, aŶd 
fiŶallǇ ďǇ soakiŶg at least ϭ ǁeek iŶ Ϭ.ϭ M HCl ;AŶalaƌ gƌadeͿ. CoŶtaiŶeƌs ǁeƌe theŶ ƌiŶsed iŶ 
MQ-ǁateƌ aŶd stoƌed paƌtiallǇ filled ǁith Ϭ.Ϭϭ M HCl ;high-puƌitǇ gƌadeͿ.  
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3.2.3. Saŵple ĐolleĐtioŶ aŶd stoƌage 
“aŵples fƌoŵ the MeƌseǇ EstuaƌǇ aŶd Liǀeƌpool BaǇ ;Iƌish “eaͿ ǁeƌe ĐolleĐted usiŶg a 
peƌistaltiĐ puŵp. The ǁateƌ iŶlet tuďiŶg ǁas held aǁaǇ fƌoŵ the ǀessel, the ‘V Maƌisa, ;MaǇ 
ϮϬϭϯ aŶd Apƌil ϮϬϭϰͿ aŶd the ǁateƌ ǁas used to fiƌst ƌiŶse ;ϯ ǆͿ aŶd theŶ fill a ϱ-L high-
deŶsitǇ polǇethǇleŶe ;HDPEͿ ĐoŶtaiŶeƌ at eaĐh statioŶ. The suspeŶded ŵatteƌ ǁas alloǁed to 
settle oǀeƌŶight iŶ the laďoƌatoƌǇ aŶd the supeƌŶataŶt ǁateƌ ǁas filteƌed thƌough aŶ iŶ-liŶe 
Ϭ.Ϯ µŵ filtƌatioŶ Đaƌtƌidge ;“aƌtoďƌaŶ, WhatŵaŶͿ usiŶg a peƌistaltiĐ puŵp, aŶd stoƌed iŶ the 
daƌk at ϰ oC iŶ Ϭ.ϱ L HDPE ďottles.  
 
3.2.4. PƌoĐeduƌe to deteƌŵiŶe total dissolǀed Đoppeƌ ;CuͿ aŶd iƌoŶ ;FeͿ 
AĐidified ;pH ϮͿ saŵple aliƋuots ǁeƌe UV-digested ;ϭ hͿ iŶ a PTFE ǀoltaŵŵetƌiĐ Đell 
ǁith the laŵp plaĐed iŵŵediatelǇ aďoǀe the saŵple iŶ a PTFE housiŶg sepaƌated ďǇ a sheet 
of Ƌuaƌtz fƌoŵ the saŵple, pƌioƌ to pH ŶeutƌalizatioŶ ǁith aŵŵoŶia aŶd pH ďuffeƌiŶg usiŶg 
the ďoƌate/aŵŵoŶia ďuffeƌ. Fe aŶd Cu ǁeƌe deteƌŵiŶed ďǇ C“V as optiŵised pƌeǀiouslǇ 
;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰ; Caŵpos aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰͿ. C“V ĐoŶditioŶs foƌ Cu 
ǁeƌe a depositioŶ poteŶtial of -Ϭ.ϭϱ V ;ϯϬ sͿ, usiŶg a ϭ-s poteŶtial-juŵp to -ϭ.ϯ V to desoƌď 
aŶǇ ƌesidual oƌgaŶiĐ ŵatteƌ aŶd Fe speĐies, folloǁed ďǇ ϵ s eƋuiliďƌatioŶ at -Ϭ.ϭϱ V pƌioƌ to 
the ǀoltaŵŵetƌiĐ sĐaŶ to -Ϭ.ϳ V ;diffeƌeŶtial-pulse ;DPͿ ŵode, ŵodulatioŶ tiŵe ϰϬ ŵs, 
ŵodulatioŶ aŵplitude ϱϬ ŵV, step poteŶtial ϱ ŵV, iŶteƌǀal tiŵe Ϭ.ϭ sͿ iŶ the pƌeseŶĐe of ϮϬ 
µM “A. C“V of Fe used the DP ŵode iŶ the pƌeseŶĐe of ϱ µM “A, ǁith aŶ adsoƌptioŶ 
poteŶtial of Ϭ V ;ϲϬ sͿ folloǁed ďǇ the sĐaŶ to -ϭ V. 
 
3.2.5. PƌoĐeduƌes to deteƌŵiŶe Đoppeƌ- aŶd iƌoŶ-ďiŶdiŶg HS ;Cu-HS aŶd Fe-HSͿ usiŶg 
CSV 
The ĐoŶĐeŶtƌatioŶ of Cu-H“ ǁas deteƌŵiŶed afteƌ additioŶ of suffiĐieŶt Đoppeƌ ;usuallǇ 
ϱϬ ŶM CuͿ to satuƌate the H“ folloǁed ďǇ deteĐtioŶ of the Cu-H“ ďǇ C“V ;WhitďǇ aŶd ǀaŶ 
deŶ Beƌg, ϮϬϭϰͿ. CaliďƌatioŶ ǁas ďǇ iŶteƌŶal staŶdaƌd additioŶs of “‘HA. Loǁ saliŶitǇ 
saŵples ǁith ǀeƌǇ high H“ ĐoŶĐeŶtƌatioŶs ǁeƌe diluted to ϭϬ oƌ ϱϬ % iŶ UV-“W to iŶĐƌease 
the liŶeaƌ ƌaŶge. The depositioŶ poteŶtial ǁas +Ϭ.Ϭϱ V, ǁith a depositioŶ tiŵe ďetǁeeŶ ϭϬ 
aŶd ϲϬ s depeŶdiŶg oŶ the ĐoŶĐeŶtƌatioŶ of H“. The ƋuiesĐeŶĐe tiŵe ǁas ϵ s aŶd sĐaŶs ǁeƌe 
  ϵϯ 
iŶitiated fƌoŵ Ϭ V aŶd teƌŵiŶated at -Ϭ.ϳϱ V. The sĐaŶŶiŶg paƌaŵeteƌs ǁeƌe diffeƌeŶtial-pulse 
;DPͿ ŵode, ŵodulatioŶ tiŵe ϰϬ ŵs, ŵodulatioŶ aŵplitude ϱϬ ŵV, step poteŶtial ϱ ŵV aŶd 
iŶteƌǀal tiŵe Ϭ.ϭ s. A ďaĐkgƌouŶd sĐaŶ usiŶg a oŶe-seĐoŶd depositioŶ tiŵe ǁas suďtƌaĐted 
fƌoŵ the aŶalǇtiĐal sĐaŶ to eliŵiŶate the peak foƌ iŶoƌgaŶiĐ Cu adjaĐeŶt to the Cu-H“ peak 
;WhitďǇ aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. 
The ĐoŶĐeŶtƌatioŶ of Fe-H“ ǁas deteƌŵiŶed ďǇ C“V iŶ the pƌeseŶĐe of ďƌoŵate 
;Lagleƌa et al., ϮϬϬϳͿ. The ǀoltaŵŵetƌiĐ appaƌatus ǁas aiƌ-pƌessuƌised as foƌ the Fe 
deteƌŵiŶatioŶ, as the ƌespoŶse foƌ Fe-H“ ǁas Ŷot affeĐted ďǇ the DO. Bƌoŵate ;Ϭ.ϰ M fiŶal 
ĐoŶĐeŶtƌatioŶͿ ǁas added to iŵpƌoǀe the seŶsitiǀitǇ foƌ the Fe-H“. The ĐoŶĐeŶtƌatioŶ of Fe-
H“ ǁas deteƌŵiŶed afteƌ additioŶ of suffiĐieŶt Fe ;tǇpiĐallǇ ϱϬ ŶMͿ to satuƌate the H“ 
folloǁed ďǇ deteĐtioŶ of the Fe-H“ Đoŵpleǆes ďǇ C“V. CaliďƌatioŶ ǁas ďǇ staŶdaƌd additioŶs 
of “‘HA. “aŵples ǁith high Fe aŶd huŵiĐ ĐoŶĐeŶtƌatioŶs ;loǁ saliŶitǇ saŵplesͿ ǁeƌe diluted 
ǁith UV-“W ϭϬ oƌ ϱϬ % to get the ĐoŶĐeŶtƌatioŶs iŶ the liŶeaƌ ƌaŶge. The depositioŶ 
poteŶtial ǁas Ϭ V, aŶd the depositioŶ tiŵe ǁas ďetǁeeŶ ϮϬ aŶd ϭϮϬ s, depeŶdiŶg oŶ 
aŵďieŶt dissolǀed Fe aŶd Fe-ďiŶdiŶg huŵiĐ ĐoŶĐeŶtƌatioŶs. 
 
3.2.6. PƌoĐeduƌe to deteƌŵiŶe Cu aŶd Fe ĐoŵpleǆiŶg ligaŶd ĐoŶĐeŶtƌatioŶs 
The ĐoŶĐeŶtƌatioŶ of Cu aŶd Fe ĐoŵpleǆiŶg ligaŶds iŶ the saŵples ǁas deteƌŵiŶed iŶ 
sepaƌate titƌatioŶs ǁith ligaŶd ĐoŵpetitioŶ agaiŶst “A ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰ; 
Caŵpos aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰͿ. AppƌoǆiŵatelǇ ϭϱϬ ŵL saŵple ǁas tƌaŶsfeƌƌed to a ϮϱϬ-ŵL 
loǁ-deŶsitǇ polǇethǇleŶe ďottle ;LDPEͿ ;NalgeŶeͿ, Ϭ.Ϭϭ M ďoƌate ďuffeƌ aŶd ϭ, Ϯ oƌ ϭϬ µM “A 
;aĐtual ĐoŶĐeŶtƌatioŶ depeŶdiŶg oŶ the deteĐtioŶ ǁiŶdoǁͿ ǁas added foƌ Cu. ϭϬ ŵL aliƋuots 
of the solutioŶ ǁeƌe pipetted iŶto ϭϰ Ϯϱ-ŵL PFA ;peƌfluoƌoalkoǆǇ alkaŶeͿ ;“aǀilleǆ, Cole-
PaƌŵeƌͿ ǀials ǁith lid. Cu ǁas added to eaĐh ǀial iŶ steps of pƌogƌessiǀelǇ iŶĐƌeasiŶg 
ĐoŶĐeŶtƌatioŶ fƌoŵ Ϭ ŶM to ϭϱϬ ŶM. These ǁeƌe theŶ left to eƋuiliďƌate oǀeƌŶight ;oƌ foƌ a 
ŵiŶiŵuŵ of ϴ hͿ. The laďile Cu ĐoŶĐeŶtƌatioŶ ;i.e. that ďouŶd ǁith the added “AͿ iŶ eaĐh Đell 
ǁas theŶ deteƌŵiŶed ďǇ C“V usiŶg ϯϬ s adsoƌptioŶ. The depositioŶ poteŶtial ǁas -Ϭ.ϭϱ V, 
folloǁed ďǇ a ϵ-s ƋuiesĐeŶĐe peƌiod aŶd the sĐaŶ iŶitiated at the saŵe poteŶtial ;Ŷo 
poteŶtial juŵps ǁeƌe usedͿ. The sĐaŶ ǁas iŶ DP-ŵode as foƌ total Cu.  
The ĐoŶĐeŶtƌatioŶ of Fe ĐoŵpleǆiŶg ligaŶds ǁas deteƌŵiŶed ďǇ titƌatioŶ ǁith Fe iŶ the 
  ϵϰ 
pƌeseŶĐe of ϱ µM “A aŶd ďoƌate pH ďuffeƌ ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ usiŶg a 
ŵethod ŵodified fƌoŵ that ďefoƌe ;BuĐk et al., ϮϬϬϳ; ‘ue aŶd BƌulaŶd, ϭϵϵϱͿ. The ϭϬ-ŵL 
saŵple aliƋuots ǁeƌe eƋuiliďƌated iŶ polǇethǇleŶe ;“teƌiliŶͿ tuďes ;ϯϬ ŵLͿ, ĐoŶtaiŶiŶg Fe 
additioŶs to giǀe a ƌaŶge Ϭ to ϳϬ ŶM Fe. Tǁo of the tuďes ǁeƌe Ϭ added Fe. The iƌoŶ aŶd 
Ŷatuƌal ĐoŵpleǆiŶg ligaŶds ǁeƌe alloǁed to eƋuiliďƌate ϭϬ ŵiŶ ;up to Ϯ hͿ at ƌooŵ 
teŵpeƌatuƌe. ϱ µM “A ǁas theŶ added to the aliƋuots, ǁhiĐh ǁeƌe left to eƋuiliďƌate 
oǀeƌŶight pƌioƌ to the deteƌŵiŶatioŶ of laďile Fe ďǇ C“V iŶ a PTFE ǀoltaŵŵetƌiĐ Đell.  
Vials used foƌ the titƌatioŶs ǁeƌe ĐoŶditioŶed tǇpiĐallǇ ϯ tiŵes pƌioƌ to a titƌatioŶ ďǇ 
settiŶg up aŶd disĐaƌdiŶg the titƌatioŶ aďout ϯ h lateƌ oƌ afteƌ oǀeƌŶight eƋuiliďƌatioŶ. The 
thiƌd oŶe ǁas ŵeasuƌed aŶd ǁas ƌepeated to ĐheĐk foƌ fuƌtheƌ iŵpƌoǀeŵeŶt. The 
ǀoltaŵŵetƌiĐ Đell ǁas ĐoŶditioŶed ϯ tiŵes ǁith seaǁateƌ ǁith “A ǁithout added Cu oƌ Fe 
pƌioƌ to the staƌt of a titƌatioŶ.  
Data iŶteƌpƌetatioŶ ǁas usiŶg the ǀaŶ deŶ Beƌg/‘uziĐ liŶeaƌizatioŶ pƌoĐeduƌe ;Caŵpos 
aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰ; ǀaŶ deŶ Beƌg, ϮϬϬϲͿ. A fiƌst estiŵate foƌ “ fƌoŵ the last thƌee data 
poiŶts ǁas iŵpƌoǀed usiŶg the ŵodelled liŶeaƌisatioŶ, ǁith ĐoƌƌeĐtioŶ of the seŶsitiǀitǇ foƌ 
uŶdeƌ-satuƌatioŶ of L ;TuƌoĐzǇ aŶd “heƌǁood, ϭϵϵϳͿ. Coŵpaƌatiǀe ĐalĐulatioŶs ǁeƌe Đaƌƌied 
out usiŶg MCC softǁaƌe ;OŵaŶoǀić et al., ϮϬϭϱͿ ǁhiĐh fits the data siŵultaŶeouslǇ to seǀeƌal 
fittiŶg ŵethods, liŶeaƌ aŶd ŶoŶ-liŶeaƌ aŶd also ĐoƌƌeĐts foƌ uŶdeƌ-satuƌatioŶ of L.  
 
3.2.7. CaliďƌatioŶ of the ĐoŶditioŶal staďilitǇ ĐoŶstaŶts foƌ Fe-SA ĐoŵpleǆatioŶ ;K’Fe’SA 
aŶd B’Fe’SAϮͿ iŶ seaǁateƌ at diffeƌeŶt saliŶities 
The Đoŵpleǆ staďilitǇ of Fe-“A ǁas Đaliďƌated at seǀeƌal saliŶities ďǇ ŵoŶitoƌiŶg ďǇ C“V 
the ĐoŶĐeŶtƌatioŶ of Fe-“A as a fuŶĐtioŶ of the ĐoŶĐeŶtƌatioŶ of “A ;Aďualhaija aŶd ǀaŶ deŶ 
Beƌg, ϮϬϭϰͿ. UV-“W ;“al ϯϱͿ ǁas diluted ǁith MQ, ĐoŶtaiŶiŶg Ϯ ŵM HCOϯ-, to aĐhieǀe 
saliŶities of ϰ, ϭϭ, ϮϬ, Ϯϲ aŶd ϯϱ. ϭϬ ŵL of the ǁateƌ ǁas pipetted iŶto the ǀoltaŵŵetƌiĐ Đell 
ǁith ϭϬ ŵM ďoƌate ďuffeƌ, ϱ µM “A aŶd ϱ ŶM Fe. The ǁateƌ ǁas aiƌ-puƌged ;ϭϮϬ sͿ aŶd “A 
ǁas added iŶ steps fƌoŵ ϭ to ϭϬϬ M “A. A ϱ-ŵiŶ ƌeaĐtioŶ tiŵe ǁas alloǁed afteƌ eaĐh 
additioŶ aŶd ϯ sĐaŶs ǁeƌe ŵade usiŶg aŶ adsoƌptioŶ tiŵe of ϭϮϬ s.  
 
 
  ϵϱ 
3.2.8. Cu ĐoŵpetitioŶ ǁith Fe foƌ HS iŶ estuaƌiŶe ǁateƌs 
The C“V sigŶal foƌ Fe-H“ ǁas oďtaiŶed as ďefoƌe: ϭϬ ŵl seaǁateƌ ǁas put iŶ the 
ǀoltaŵŵetƌiĐ Đell aŶd ϭϬϬ µL ďoƌate ďuffeƌ ;pHNB“ ϴ.ϭϴͿ, ϭϬϬ ŶM Fe aŶd ϭ ŵl ďƌoŵate ;Ϭ.ϰ 
ŵM fiŶal ĐoŶĐeŶtƌatioŶͿ ǁeƌe added. Cu additioŶs ǁeƌe theŶ ŵade ǁhilst ŵoŶitoƌiŶg the 
ƌespoŶse foƌ the Fe-H“ speĐies usiŶg aŶ adsoƌptioŶ tiŵe of ϯϬ-ϲϬ s. Fiǀe ŵiŶutes 
eƋuiliďƌatioŶ tiŵe ǁas alloǁed afteƌ eaĐh Đoppeƌ additioŶ. ‘epeated ŵeasuƌeŵeŶts ǁith 




3.3.1. CaliďƌatioŶ of K´FeSA aŶd B´FeSAϮ foƌ ǀaƌious saliŶities 
The ĐoŶĐeŶtƌatioŶ aŶd Đoŵpleǆ staďilitǇ of Cu aŶd Fe Đoŵpleǆes ǁith ligaŶds iŶ 
seaǁateƌ is deteƌŵiŶed ďǇ ligaŶd ĐoŵpetitioŶ agaiŶst “A. The Đoŵpleǆ staďilitǇ foƌ Cu ǁith 
“A has ďeeŶ Đaliďƌated oǀeƌ a saliŶitǇ ƌaŶge ;Caŵpos aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰͿ aŶd ǁas used 
iŶ this ǁoƌk: log K´Cu“A = ϭϬ.ϭϮ - Ϭ.ϯϳ log “al, aŶd log B´Cu“AϮ = ϭϱ.ϳϴ - Ϭ.ϱϯ log “al. “iŵilaƌ to 
Cu, tǁo “A-speĐies aƌe also kŶoǁŶ to eǆist foƌ Fe ǁith “A ;Fe“A aŶd Fe“AϮͿ, ďut iŶ the Đase of 
Fe oŶlǇ oŶe of these, Fe“A, is eleĐtƌoaĐtiǀe ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. The 
Đoŵpleǆ staďilitǇ of Fe“A aŶd Fe“AϮ has ďeeŶ Đaliďƌated foƌ seaǁateƌ of saliŶitǇ ϯϱ 
;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ ďut Ŷot Ǉet foƌ estuaƌiŶe ǁateƌs at loǁeƌ saliŶitǇ. Foƌ 
this ƌeasoŶ ǀalues foƌ of K´Fe“A aŶd B´Fe“AϮ ǁeƌe Đaliďƌated heƌe at saliŶities ďetǁeeŶ ϰ aŶd ϯϱ. 
Values foƌ K´Fe“A aŶd B´Fe“AϮ ǁeƌe fitted to the ƌespoŶse foƌ ϱ ŶM Fe iŶ UV-digested seaǁateƌ 
diluted to seǀeƌal saliŶities aŶd iŶ the pƌeseŶĐe of “A at ĐoŶĐeŶtƌatioŶs ďetǁeeŶ ϭ aŶd ϭϬϬ 
µM. The data ǁas eǆpƌessed as a ƌatio, X, of the aĐtual ƌespoŶse ;ipͿ oǀeƌ the ŵaǆiŵuŵ 
ƌespoŶse ;ipŵaǆͿ: X = ip / ipŵaǆ. 
Values foƌ K´Fe“A aŶd B´Fe“AϮ ǁeƌe fitted usiŶg “olǀeƌ iŶ EǆĐel ;ǀeƌsioŶ ϮϬϭϭͿ to the 
folloǁiŶg ŵodel of the ƌespoŶse foƌ Fe as fuŶĐtioŶ of the ĐoŶĐeŶtƌatioŶ of “A ;Aďualhaija 
aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ: 
X = Fe“A / ;Fe“A + Fe“AϮ + FeͿ ;ϭͿ 
ǁheƌe Fe“A = K´Fe´“A ǆ [“A] aŶd Fe“AϮ = B´Fe´“AϮ ǆ [“A]Ϯ. Ipŵaǆ ǁas oŶe of the fitted paƌaŵeteƌs 
  ϵϲ 
as it is Ŷeǀeƌ ƌeaĐhed ďeĐause of a deĐƌease iŶ the ǀoltaŵŵetƌiĐ ƌespoŶse ǁith iŶĐƌeasiŶg 
ĐoŶĐeŶtƌatioŶ of “A due to iŶĐƌeasiŶg sigŶifiĐaŶĐe of Fe“AϮ Đoŵpaƌed to that of Fe“A. The 
effeĐt of ǀaƌǇiŶg the ĐoŶĐeŶtƌatioŶ of “A oŶ the ƌespoŶse foƌ Fe is shoǁŶ at ǀaƌious saliŶities 
iŶ Fig. ϯ.ϭ. The Đuƌǀes iŶ the diagƌaŵ ǁeƌe ĐalĐulated usiŶg the fitted ǀalues foƌ the 
ĐoŶstaŶts. The ŵaǆiŵuŵ iŶ the ƌespoŶse ŵoǀes to a loǁeƌ ĐoŶĐeŶtƌatioŶ of “A ǁith 
deĐƌeasiŶg saliŶitǇ iŶdiĐatiŶg that the staďilitǇ of Fe“AϮ iŶĐƌeases Đoŵpaƌed to that of Fe“A 
at a loǁeƌ ĐoŶĐeŶtƌatioŶ of “A. A geŶeƌal iŶĐƌease iŶ Đoŵpleǆ staďilitǇ ŵaǇ ďe eǆpeĐted ǁith 
deĐƌeasiŶg saliŶitǇ if theƌe is sigŶifiĐaŶt ĐoŵpetitioŶ ďǇ CaϮ+ aŶd MgϮ+. The ǀalues foƌ K´Fe´“A 
ǁeƌe fouŶd to iŶĐƌease slightlǇ, aŶd those foƌ B´Fe´“AϮ ŵoƌe stƌoŶglǇ, ǁith deĐƌeasiŶg saliŶitǇ, 
fƌoŵ ϯ.ϱ ǆ ϭϬϲ to ϰ.ϱ ǆ ϭϬϲ aŶd fƌoŵ ϭϬϭϬ.ϳ to ϭϬϭϮ.Ϭ ƌespeĐtiǀelǇ ;Fig. ϯ.ϭͿ iŶdiĐatiŶg that theƌe 















The K´ ǀalues ǁeƌe fouŶd to fit a stƌaight liŶe as fuŶĐtioŶ of the saliŶitǇ, ǁheƌeas the B 
ǀalues ǁeƌe fitted as a log-log diagƌaŵ. The ǀalues fouŶd foƌ the ĐoŶstaŶts aƌe suŵŵaƌised 
iŶ Taďle ϯ.ϭ aŶd the data fits to saliŶitǇ aƌe shoǁŶ iŶ Fig. ϯ.ϭB aŶd C. 
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Figuƌe ϯ.ϭ. CaliďƌatioŶ of K͛Fe͛“A aŶd B͛Fe͛“AϮ ďǇ titƌatioŶs of ϱ ŶM Fe ǁith “A iŶ ǁateƌ of saliŶities ďetǁeeŶ ϰ 
aŶd ϯϱ. AͿ Plots of the ƌelatiǀe ǀoltaŵŵetƌiĐ ƌespoŶse, X = ip / ipŵaǆ as a fuŶĐtioŶ of [“A]. The liŶes ǁeƌe 
ĐalĐulated usiŶg the fitted ǀalues foƌ the ĐoŶstaŶts. B aŶd CͿ: Plots of the fitted ǀalues foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ as 
a fuŶĐtioŶ of the saliŶitǇ. The liŶe thƌough the data ƌepƌeseŶts the data fit. 
  ϵϳ 
The ĐoŶstaŶts ǁeƌe used to ĐalĐulate the oǀeƌall -ĐoeffiĐieŶt foƌ Fe ǁith “A ;Fe-“AͿ 
iŶĐludiŶg Fe“A aŶd Fe“AϮͿ aŶd used to oďtaiŶ Đoŵpleǆ staďilitǇ foƌ FeL iŶ this studǇ. Values 
foƌ these -ĐoeffiĐieŶts aƌe Đoŵpaƌed to ǀalues oďtaiŶed usiŶg the oƌigiŶal ĐoŶstaŶts ;BuĐk 
et al., ϮϬϬϳͿ at tǁo ĐoŶĐeŶtƌatioŶs of “A aŶd fouƌ saliŶities iŶ Taďle ϯ.Ϯ. 
 
Taďle ϯ.ϭ. Values of K´Fe´“A aŶd B´Fe´“AϮ at diffeƌeŶt saliŶities. These ĐoŶstaŶts ǁeƌe Đaliďƌated ďǇ 
ŵeasuƌeŵeŶt of the ĐoŶĐeŶtƌatioŶ of Fe“A as a fuŶĐtioŶ of [“A] added to seaǁateƌ of giǀeŶ saliŶitǇ 
at pHNB“ ϴ.ϭϴ. 
 
EƋuatioŶs foƌ K´Fe´SA aŶd B´Fe´SAϮ as fuŶĐtioŶ of SaliŶitǇ. 
K´Fe´SA= ;-Ϯ.ϵϴ±Ϭ.ϭϴͿ ǆϭϬϰ × Sal+ ;ϰ.ϲϬ±Ϭ.ϬϰͿ ǆϭϬϲ. 
Log B´Fe´SAϮ= ;-ϭ.ϰϭ±Ϭ.ϬϲͿ × Log Sal + ;ϭϮ.ϴϱ±Ϭ.ϬϳͿ. 










Log αFe´ at 
pHNBS 
ϴ.ϭϴ 
ϰ ϲ.ϲϱ ϲ.ϲϱ ϭϮ.Ϭϭ ϭϮ.ϬϬ ϭϬ.Ϯϴ 
ϭϭ ϲ.ϲϯ ϲ.ϲϯ ϭϭ.ϰϬ ϭϭ.ϯϴ ϭϬ.ϭϬ 
ϮϬ ϲ.ϲϭ ϲ.ϲϬ ϭϬ.ϵϳ ϭϭ.ϬϮ ϭϬ.ϬϬ 
Ϯϲ ϲ.ϱϴ ϲ.ϱϴ ϭϬ.ϴϯ ϭϬ.ϴϱ ϵ.ϵϴ 






Taďle ϯ.Ϯ. CalĐulated ǀalues foƌ the oǀeƌall -ĐoeffiĐieŶt foƌ Fe ĐoŵpleǆatioŶ ǁith “A, ĐoŵpƌisiŶg 
Fe“A aŶd Fe“AϮ ;Fe-“AͿ usiŶg the Ŷeǁ staďilitǇ ĐoŶstaŶts foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ, aŶd the pƌeǀious ǀalue 
;BuĐk et al., ϮϬϬϳͿ that uses oŶlǇ B͛Fe͛“AϮ, aŶd the ƌatio of the Ŷeǁ aŶd pƌeǀious -ĐoeffiĐieŶts.  
  
[SA] ;MͿ SaliŶitǇ Fe-SA Ŷeǁ/pƌeǀious 
ϱ ǆ ϭϬ-ϲ Ϯ ϴϵ ϭϭ.ϴϳ 
ϱ ǆ ϭϬ-ϲ ϭϬ Ϯϴ ϲ.ϴϰ 
ϱ ǆ ϭϬ-ϲ ϮϬ Ϯϯ ϳ.Ϭϰ 
ϱ ǆ ϭϬ-ϲ ϯϱ ϭϵ ϳ.Ϯϳ 
 ϯϬ ǆ ϭϬ-ϲ Ϯ Ϯϱϯϰ ϵ.ϯϱ 
ϯϬ ǆ ϭϬ-ϲ ϭϬ ϯϳϳ Ϯ.ϱϮ 
ϯϬ ǆ ϭϬ-ϲ ϮϬ Ϯϭϯ ϭ.ϴϱ 




  ϵϴ 
3.3.2. CoŵpleǆiŶg ligaŶds, Cu-HS aŶd Fe-HS iŶ the estuaƌiŶe ǁateƌs 
Cu aŶd Fe ĐoŵpleǆiŶg ligaŶds ǁeƌe deteƌŵiŶed ďǇ C“V ǁith ligaŶd ĐoŵpetitioŶ agaiŶst 
“A. The ligaŶd ĐoŶĐeŶtƌatioŶs aƌe oŶ ďasis of Cu aŶd Fe-eƋuiǀaleŶts ;ŶMͿ. CoŶĐeŶtƌatioŶs of 
Cu-H“ aŶd Fe-H“ ǁeƌe deteƌŵiŶed ďǇ C“V aŶd Đaliďƌated usiŶg “‘HA oŶ the ŵg/L sĐale 
;Taďle ϯ.ϯͿ.  
H“ ĐoŶĐeŶtƌatioŶs ǁeƌe fouŶd to ďe staďle foƌ seǀeƌal ŵoŶths ǁheŶ stoƌed iŶ the daƌk 
at ϰ◦C. H“ iŶ “TN ϲ ǁas ŵeasuƌed iŶ MaǇ ϮϬϭϯ, “ept ϮϬϭϯ aŶd Feď ϮϬϭϰ usiŶg ǀoltaŵŵetƌǇ 
aŶd fouŶd to ďe Ϭ.ϵϬ, Ϭ.ϵϬ aŶd Ϭ.ϴϵ ŵg L-ϭ ƌespeĐtiǀelǇ. “TN ϲ ǁas also ŵeasuƌed usiŶg UV 
speĐtƌophotoŵetƌǇ iŶ MaǇ ϮϬϭϰ giǀiŶg Ϭ.ϵϭ ŵg/L. All saŵples ŵeasuƌed usiŶg UV 
speĐtƌophotoŵetƌǇ iŶ MaǇ ϮϬϭϰ ǁeƌe ǁithiŶ ϭϭ % of the ǀalues ŵeasuƌed ďǇ ǀoltaŵŵetƌǇ a 
Ǉeaƌ eaƌlieƌ.  
 
Taďle ϯ.ϯ. Coŵpaƌatiǀe ĐoŶĐeŶtƌatioŶs of ŵetals aŶd huŵiĐ suďstaŶĐes iŶ estuaƌiŶe aŶd Đoastal 
saŵples: Fe ;ŶMͿ, Cu ;ŶMͿ, Fe-H“ ;ŵg H“/lͿ, Cu-H“ ;ŵg H“/lͿ aŶd UV-H“ ;ŵg H“/lͿ. Ŷ.d. ŵeaŶs Ŷot 









“oŵe Cu-ĐoŵpleǆiŶg ĐapaĐitǇ titƌatioŶs shoǁed the possiďilitǇ of the pƌeseŶĐe of tǁo 
iŶdiǀidual ligaŶd Đlasses ďut due to the high oƌgaŶiĐ ŵatteƌ ĐoŶteŶt oďsĐuƌiŶg the Cu“A peak 
at loǁ total Cu, the iŶitial titƌatioŶ poiŶts ǁeƌe ofteŶ diffiĐult to ŵeasuƌe aŶd ǁeƌe 
uŶƌeliaďle. Foƌ this ƌeasoŶ, it ǁas oŶlǇ possiďle to aĐĐuƌatelǇ ŵeasuƌe total ligaŶd ƌatheƌ 
thaŶ sepaƌate ligaŶd Đlasses. The Cu-ĐoŵpleǆiŶg ligaŶds, Cu-H“ aŶd dissolǀed Cu folloǁ the 
saŵe patteƌŶ ;Fig. ϯ.ϮAͿ: deĐƌeasiŶg ǁith iŶĐƌeasiŶg saliŶitǇ toǁaƌds ŵuĐh loǁeƌ 
ĐoŶĐeŶtƌatioŶs iŶ the seaǁateƌ eŶdŵeŵďeƌ. 








ϭ ϭϴ.ϴ ϴϲ.Ϭ ϱϰ.ϯ ϯ.ϯ Ŷ.d. Ϯ.ϲ 
Ϯ ϮϬ.Ϭ ϱϰ.Ϭ ϱϰ.ϱ Ϯ.ϯ Ϯ.ϱ Ϯ.ϲ 
ϯ ϮϮ.Ϯ ϰϮ.Ϭ ϰϯ.ϯ ϭ.ϴ ϭ.ϲ Ŷ.d. 
ϰ Ϯϲ.ϯ ϯϰ.ϳ ϯϴ.Ϭ ϭ.ϰ ϭ.ϱ ϭ.ϳ 
ϱ Ϯϴ.ϴ Ϯϳ.ϳ ϯϭ.ϭ ϭ.ϭ ϭ.ϰ ϭ.Ϯ 
ϲ ϯϬ.ϵ ϮϮ.ϰ ϮϬ.ϳ ϭ.Ϭ Ϭ.ϵ Ϭ.ϵ 
ϳ ϯϮ.Ϯ ϰ.ϵ ϭϭ.ϲ Ϭ.ϭ Ϭ.ϯ <LoD 




















The seaǁateƌ eŶd-ŵeŵďeƌ saŵple ;saliŶitǇ ϯϮ.ϮͿ ǁas takeŶ iŶ Liǀeƌpool BaǇ ;Iƌish “eaͿ 
aďout ϭϱ ŵile fƌoŵ the ŵouth of the estuaƌǇ, ǁheƌe the ǁateƌ ǁas Đleaƌ aŶd ĐoŶtaiŶed 
ŵuĐh less suspeŶded ŵatteƌ thaŶ iŶ the estuaƌǇ, aŶd had a dissolǀed Cu ĐoŶĐeŶtƌatioŶ of 
ϭϭ.ϲ ŶM. The ĐoŶĐeŶtƌatioŶs of Cu-H“ had pƌeǀiouslǇ ďeeŶ deteƌŵiŶed iŶ the saŵe saŵples 
;WhitďǇ aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ aŶd aƌe Đoŵpaƌed heƌe to Fe-H“ aŶd the ĐoŵpleǆiŶg 
ligaŶds of Cu ;LCuͿ aŶd Fe ;LFeͿ. The ĐoŶĐeŶtƌatioŶ of LCu ǁas gƌeateƌ thaŶ the Cu 
ĐoŶĐeŶtƌatioŶ iŶ all saŵples, aŶd theƌefoƌe likelǇ iŶ ĐoŶtƌol of the geoĐheŵistƌǇ of Cu ;ǀaŶ 










































































Figuƌe ϯ.Ϯ. AͿ CoŶĐeŶtƌatioŶs of Cu, LCu ;ŶM sĐaleͿ aŶd Cu-H“ ;ƌight-haŶd ŵg/L sĐaleͿ 
as fuŶĐtioŶ of the saliŶitǇ. BͿ CoŶĐeŶtƌatioŶs of Fe, LFe ;ŶM sĐaleͿ aŶd Fe-H“ ;ƌight-
haŶd ŵg/L sĐaleͿ as fuŶĐtioŶ of the saliŶitǇ. 
  ϭϬϬ 
The patteƌŶ foƌ Fe-H“ ǁas siŵilaƌ to the Cu speĐies iŶ that [Fe], LFe aŶd [Fe-H“] Đo-ǀaƌǇ, 
aŶd ǁith a ligaŶd ĐoŶĐeŶtƌatioŶ gƌeateƌ thaŶ the dissolǀed [Fe]. Hoǁeǀeƌ, theƌe aƌe 
diffeƌeŶĐes iŶ the speĐifiĐ distƌiďutioŶs. 
The ĐoŶĐeŶtƌatioŶs of H“ ;ŵg/L sĐaleͿ fouŶd afteƌ ĐoŵpleǆatioŶ ǁith Cu ;Cu-H“Ϳ ǁeƌe 
the saŵe as those of Fe-H“ as eǀideŶĐed fƌoŵ a plot of [Cu-H“] ǀeƌsus [Fe-H“] ;oŶ the ŵg/L 
sĐaleͿ ǁhiĐh has a slope of ϭ.Ϭϰ ±Ϭ.ϭ ;Fig. ϯ.ϯAͿ. The good agƌeeŵeŶt ďetǁeeŶ these tǁo 
iŶdepeŶdeŶt ŵeasuƌeŵeŶts suggests that the saŵe H“ is deteĐted, aŶd the siŵilaƌitǇ of the 
UV-H“ ǀalues ;Taďle ϯ.ϯͿ suggests that appƌoǆiŵatelǇ the total ĐoŶĐeŶtƌatioŶ of H“ is 
deteĐted iŶ spite of possiďle ĐoŵpetitioŶ ďetǁeeŶ ŵetals ;this is eǆĐept foƌ the high saliŶitǇ, 
eŶd-ŵeŵďeƌ, saŵple ǁhiĐh ǁas ďeloǁ the liŵit of deteĐtioŶ ;~Ϭ.ϱ ppŵͿ of the UV ŵethod 
at saliŶitǇ ϯϮͿ. 
The ligaŶd ĐoŶĐeŶtƌatioŶs foƌ Cu aŶd Fe ǁeƌe siŵilaƌ ďut Ŷot ideŶtiĐal, the 
ĐoŶĐeŶtƌatioŶ of LCu geŶeƌallǇ ďeiŶg gƌeateƌ thaŶ that of LFe. A plot of oŶe agaiŶst the otheƌ 
;Fig. ϯ.ϯBͿ has a sigŶifiĐaŶt iŶteƌĐept oŶ the aǆis foƌ LCu, at zeƌo LFe. This fiŶdiŶg suggests that 
a seĐoŶd ligaŶd ŵaǇ ďe pƌeseŶt foƌ Cu, aŵouŶtiŶg to ~ϭϱ ŶM at the high saliŶitǇ eŶd, aŶd 
ǁhiĐh is iŶ additioŶ to the Cu-ďiŶdiŶg H“. This seĐoŶd ligaŶd ǁas Ŷot appaƌeŶt iŶ the 
titƌatioŶs, as the Cu“A peak at loǁ [Cu] ǁas diffiĐult to ŵeasuƌe. We haǀe Ŷot ďeeŶ aďle to 
ideŶtifǇ the seĐoŶd ligaŶd eǆpeƌiŵeŶtallǇ, ďut thiols aƌe kŶoǁŶ to oĐĐuƌ iŶ seaǁateƌ ;Al-
Faƌaǁati aŶd VaŶ DeŶ Beƌg, ϮϬϬϭ; TaŶg et al., ϮϬϬϬͿ aŶd aĐt as ligaŶd foƌ CuI ;Leal aŶd VaŶ 
deŶ Beƌg, ϭϵϵϴͿ. The data poiŶt foƌ LCu at the highest ĐoŶĐeŶtƌatioŶ of LFe deǀiates fƌoŵ the 
liŶeaƌ ƌelatioŶship ;Fig. ϯ.ϯBͿ: a possiďilitǇ is that ĐoŵpetitioŶ has plaǇed a ƌole heƌe as the 






























The ĐoŶĐeŶtƌatioŶs of Cu-H“ aŶd Fe-H“, ǁhiĐh had ďeeŶ Đaliďƌated ďǇ additioŶs of 
“‘HA, ǁeƌe ĐoŶǀeƌted to the ŶaŶoŵolaƌ sĐale ďǇ ŵultipliĐatioŶ ǁith theiƌ ŵetal ďiŶdiŶg 
ĐapaĐitǇ foƌ the “‘HA ƌefeƌeŶĐe ŵateƌial ;Taďle ϯ.ϰͿ. The Cu-ďiŶdiŶg ĐapaĐitǇ of this 
paƌtiĐulaƌ ďatĐh of “‘HA is ϭϴ.Ϭ ± Ϭ.ϰ Ŷŵol/ŵg “‘HA ;WhitďǇ aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ, 
ǁheƌeas the Fe-ďiŶdiŶg ĐapaĐitǇ is ϯϬ.ϲ ± Ϭ.ϲ Ŷŵol/ŵg “‘HA ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, 
ϮϬϭϰͿ ŶeaƌlǇ the saŵe as that ;ϯϮ Ŷŵol/ŵg “‘HAͿ fouŶd pƌeǀiouslǇ foƌ a diffeƌeŶt ďatĐh of 
“‘HA ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ.  
 
 

































(      ) 
A 
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Figuƌe ϯ.ϯ. AͿ CoŵpaƌisoŶ of Cu aŶd Fe-ďiŶdiŶg H“ ;ŵg/L sĐaleͿ, aŶd BͿ ĐoŵpaƌisoŶ of Cu aŶd Fe-ďiŶdiŶg 
ligaŶds iŶ the estuaƌiŶe ǁateƌs. 
  ϭϬϮ 
Taďle ϯ.ϰ. Values of LFe ;ŶMͿ, LCu ;ŶMͿ, Log K´Fe´L aŶd Log K´Cu´L fƌoŵ ĐoŵpleǆatioŶ titƌatioŶs data; Fe-H“ 
ŵg/L ĐoŶǀeƌted to ŶM usiŶg a ďiŶdiŶg ĐapaĐitǇ of ϯϬ.ϲ Fe Ŷŵole/ŵg HA ;Aďualhaija aŶd ǀaŶ deŶ 
Beƌg, ϮϬϭϰͿ, aŶd Cu-H“ ŵg/L ĐoŶǀeƌted to ŶM usiŶg a ďiŶdiŶg ĐapaĐitǇ of ϭϴ Cu Ŷŵole/ŵg HA 
;WhitďǇ aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. 
 












ϭ ϭϴ.ϴ ϭϬϱ ϱϲ.ϰ ϭϭ.ϭ ϭϭ.ϲ ϭϬϭ  
Ϯ ϮϬ.Ϭ ϲϳ ϱϳ.ϱ ϭϭ.ϭ ϭϭ.ϰ ϳϬ ϰϰ 
ϯ ϮϮ.Ϯ ϱϯ ϰϱ.ϰ ϭϭ.ϯ ϭϭ.ϱ ϱϰ Ϯϵ 
ϰ Ϯϲ.ϯ ϰϯ ϰϭ.Ϭ ϭϭ.ϯ ϭϭ.ϰ ϰϯ Ϯϴ 
ϱ Ϯϴ.ϴ ϯϯ ϯϰ.ϰ ϭϭ.ϰ ϭϭ.Ϭ ϯϰ Ϯϰ 
ϲ ϯϬ.ϵ Ϯϴ Ϯϱ.ϲ ϭϭ.ϯ ϭϭ.ϰ Ϯϵ ϭϲ 
ϳ ϯϮ.Ϯ ϲ Ϯϭ.ϵ ϭϭ.ϯ ϭϭ.ϵ ϰ ϱ.ϲ 
 
BeĐause the ligaŶd ĐoŶĐeŶtƌatioŶs aƌe gƌeateƌ thaŶ the ŵetal ĐoŶĐeŶtƌatioŶs, it is likelǇ 
that the ŵetals aŶd ligaŶds Đo-ǀaƌǇ, poteŶtiallǇ the ligaŶds ĐoŶtƌolliŶg the estuaƌiŶe 
geoĐheŵistƌǇ of the ŵetals. This ǁas tested ďǇ plottiŶg the ŵetal ĐoŶĐeŶtƌatioŶ as a 
fuŶĐtioŶ of the ĐoŶĐeŶtƌatioŶ of the ligaŶds aŶd the H“ ;Fig. ϯ.ϰA aŶd ϯ.ϰBͿ. The data shoǁs 
that the Cu-ďiŶdiŶg ligaŶd ĐoŶĐeŶtƌatioŶ is gƌeateƌ thaŶ dissolǀed Cu iŶ all statioŶs ;shoǁŶ as 
a fuŶĐtioŶ of saliŶitǇ iŶ Fig. ϯ.ϮAͿ aŶd the dissolǀed Cu ǀaƌies liŶeaƌlǇ as a fuŶĐtioŶ of Cu-H“ 
aŶd LCu. The Cu ĐoŵpleǆiŶg ligaŶd ĐoŶĐeŶtƌatioŶ aƌe siŵilaƌ to the Đoppeƌ ĐoŶĐeŶtƌatioŶ: 
[Cu]/LCu = Ϭ.ϵϮ±Ϭ.ϬϲͿ, aŶd the ĐoŶĐeŶtƌatioŶs of Cu-H“ aƌe sǇsteŵatiĐallǇ less thaŶ the 
ĐoŶĐeŶtƌatioŶ of Cu-ďiŶdiŶg ligaŶds: [Cu-H“]/LCu = Ϭ.ϲϵ ± Ϭ.Ϭϱ ;Fig. ϯ.ϰA aŶd Taďle ϯ.ϰͿ 
;eǆĐludiŶg the high saliŶitǇ eŶd-ŵeŵďeƌ ǁhiĐh ǁas takeŶ a Ǉeaƌ lateƌ aŶd had a loǁeƌ thaŶ 
eǆpeĐted ĐoŶĐeŶtƌatioŶ of CuͿ. This iŶdiĐates that, although the estuaƌiŶe H“ ĐoŶstitute the 
ŵajoƌitǇ of the Cu-ďiŶdiŶg ligaŶds, otheƌ ligaŶds aƌe aďle to Đoŵpleǆ the Cu as ǁell. 
The ĐoŶĐeŶtƌatioŶ of LFe ǁas ǀiƌtuallǇ the saŵe as that of Fe-H“ ;[FeH“]/LFe = 
Ϭ.ϵϱϬ.ϭϲͿ aŶd ďoth aƌe gƌeateƌ thaŶ [Fe], iŶdiĐatiŶg that theƌe ǁas aŶ eǆĐess of the ligaŶd 
ĐoŶĐeŶtƌatioŶ aŶd that alŵost the eŶtiƌe ligaŶd ĐoŶĐeŶtƌatioŶ ;ϵϱ%Ϳ ĐaŶ ďe asĐƌiďed to H“ of 
a siŵilaƌ Ŷatuƌe ;ŵetal ďiŶdiŶg ĐapaĐitǇ, Đoŵpleǆ staďilitǇͿ to “‘HA.  
A plot of Fe as fuŶĐtioŶ of LFe is stƌaight ;Fig. ϯ.ϰBͿ, iŶdiĐatiŶg that the Fe aŶd L Đo-ǀaƌǇ 
;[Fe]/LFe = Ϭ.ϴϭ  Ϭ.ϬϮͿ ďut the ligaŶd ĐoŶĐeŶtƌatioŶ is alǁaǇs gƌeateƌ thaŶ [Fe].  
 





















3.3.3. CoŵpaƌisoŶ ďetǁeeŶ Cu- aŶd Fe- ďiŶdiŶg ligaŶds aŶd HS 
A diagƌaŵ of [Cu-H“] as a fuŶĐtioŶ of LCu has aŶ iŶteƌĐept oŶ the X-aǆis ;the ligaŶd aǆisͿ 
of ϭϭ ŶM ;Fig. ϯ.ϱAͿ iŶdiĐatiŶg that a ŵajoƌ ĐoŵpoŶeŶt of the Cu ďiŶdiŶg ligaŶds is diffeƌeŶt 
fƌoŵ H“. This is peƌhaps Ŷot suƌpƌisiŶg as thiols iŶ estuaƌiŶe ǁateƌs aƌe a kŶoǁŶ ligaŶd foƌ 
Cu, ďiŶdiŶg it as CuI ;Leal aŶd VaŶ deŶ Beƌg, ϭϵϵϴͿ aŶd ǁith oŶlǇ ǁeak Đoŵpleǆ staďilitǇ ǁith 
diǀaleŶt oƌ tƌiǀaleŶt ŵetals: theǇ aƌe theƌefoƌe deteĐted as Cu-ďiŶdiŶg ligaŶds ďǇ 
ĐoŵpetitioŶ agaiŶst “A, ďut Ŷot as Fe-ďiŶdiŶg ligaŶds.  
y = (0.81±0.01)x 














LFe and Fe-HS (nM Fe equivalent) 
LFe Fe-HS
y = (0.92±0.06)x 





















Figuƌe ϯ.ϰ. AͿ CoŵpaƌisoŶ of the ĐoŶĐeŶtƌatioŶ of Cu to that of Cu-ďiŶdiŶg H“ aŶd ligaŶds. BͿ CoŵpaƌisoŶ 
of the ĐoŶĐeŶtƌatioŶ of Fe to that of Fe-ďiŶdiŶg H“ aŶd ligaŶds. The slope of the data is iŶdiĐated iŶ the 
diagƌaŵs. The [Cu] ǁas gƌeateƌ thaŶ [Cu-H“] ďut less thaŶ LCu, ǁheƌeas the [Fe] ǁas less thaŶ [Fe-H“] aŶd 
LFe. 
  ϭϬϰ 
The data poiŶts foƌ [Fe-H“] aƌe ŶeaƌlǇ the saŵe as those foƌ [LFe] ĐausiŶg theŵ to ďe 
supeƌiŵposed iŶ Fig. ϯ.ϰB. A diagƌaŵ of [Fe-H“] as fuŶĐtioŶ of LFe ;Fig. ϯ.ϱBͿ shoǁs a liŶeaƌ 
ƌelatioŶship ǁith a slope of Ŷeaƌ uŶitǇ ;Ϭ.ϵϴ Ϭ.ϬϰͿ aŶd aŶ iŶteƌĐept that is <ϭ ŶM ligaŶds 
ĐoŶfiƌŵiŶg that ŶeaƌlǇ the eŶtiƌe ligaŶd ĐoŶĐeŶtƌatioŶ foƌ Fe ĐoŶsists of H“. OŶ this ďasis it is 
possiďle to ĐalĐulate the aŵouŶt of Fe that ĐaŶ ďe ďouŶd ďǇ estuaƌiŶe H“ fƌoŵ the ƌatio of 
LFe/[Fe-H“] ;the Fe-H“ oŶ the ŵg/L sĐaleͿ, ǁhiĐh giǀes a ǀalue of ϯϬ.ϯ ϭ.Ϭ Ŷŵol/ŵg H“. This 
ǀalue is the saŵe ;ǁithiŶ the staŶdaƌd deǀiatioŶͿ as the ƌatio ;ϯϬ.ϲͿ at ǁhiĐh Fe is ďouŶd ďǇ 
“‘HA ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ iŶdiĐatiŶg that the H“ oĐĐuƌƌiŶg iŶ estuaƌiŶe 









































































Figuƌe ϯ.ϱ. CoŵpaƌisoŶ of the ĐoŶĐeŶtƌatioŶs of Fe-ďiŶdiŶg aŶd Cu-ďiŶdiŶg H“ to the ĐoŶĐeŶtƌatioŶ of Cu 
-ďiŶdiŶg ligaŶds ;AͿ aŶd Fe -ďiŶdiŶg ligaŶds ;BͿ. The slopes aƌe Đlose to uŶitǇ ďut theƌe is a laƌge iŶteƌĐept 
oŶ the X-aǆis foƌ the Cu data. The ŵetal ĐoŶĐeŶtƌatioŶs aƌe shoǁŶ iŶ Taďle ϯ.ϯ. The ligaŶd ĐoŶĐeŶtƌatioŶ 
foƌ Fe is ǀiƌtuallǇ the saŵe as the ĐoŶĐeŶtƌatioŶ of H“, ǁhilst foƌ Cu a laƌge iŶteƌĐept iŶdiĐates the 
pƌeseŶĐe of a seĐoŶd ligaŶd.  
  ϭϬϱ 
3.3.4. CoŵpetitioŶ ďetǁeeŶ Cu aŶd Fe foƌ ĐoŵpleǆatioŶ ǁith HS iŶ estuaƌiŶe ǁateƌ 
The ŵeasuƌeŵeŶts of H“ iŶ saŵples fƌoŵ the MeƌseǇ estuaƌǇ usiŶg Fe aŶd Cu 
iŶdiĐated the pƌeseŶĐe of Fe-H“ aŶd Cu-H“ speĐies: this ŵeaŶs that the H“ is ďeiŶg 
Đoŵpleǆed ǁith Cu as ǁell as Fe, suggestiŶg that ĐoŵpetitioŶ is possiďle ďetǁeeŶ these 
ŵetals foƌ ĐoŵpleǆatioŶ ǁith the H“. CoŵpetitioŶ ďetǁeeŶ Cu, Co aŶd Al ǁith Fe has 
pƌeǀiouslǇ ďeeŶ deŵoŶstƌated foƌ “‘HA aŶd “‘FA ;YaŶg aŶd VaŶ deŶ Beƌg, ϮϬϬϵͿ. BeĐause 
the H“ aƌe the sole ligaŶd foƌ Fe iŶ these ǁateƌs ;ǁithiŶ ϵϱ%Ϳ, it is possiďle to deteƌŵiŶe 
ĐoŵpetitioŶ ďetǁeeŶ Cu aŶd Fe foƌ these ligaŶds fƌoŵ the effeĐt of Đoppeƌ additioŶs oŶ the 
ƌespoŶse foƌ the estuaƌiŶe Fe-H“. This ĐoŵpetitioŶ ŵethod has pƌeǀiouslǇ ďeeŶ used to 
deteƌŵiŶe the staďilitǇ of Cu ĐoŵpleǆatioŶ ǁith “‘HA aŶd “‘FA ;YaŶg aŶd VaŶ deŶ Beƌg, 
ϮϬϬϵͿ aŶd the pƌiŶĐiple of the ŵethod is the saŵe. The data ǁas iŶteƌpƌeted usiŶg the 
theoƌǇ deǀeloped pƌeǀiouslǇ ;YaŶg aŶd VaŶ deŶ Beƌg, ϮϬϬϵͿ ŵodified foƌ the use of ŵaƌiŶe 
H“ ďǇ usiŶg the ligaŶd ĐoŶĐeŶtƌatioŶs ;[LFe] as deteƌŵiŶed ďǇ titƌatioŶsͿ foƌ the ŵass ďalaŶĐe 
ƌeƋuiƌed foƌ the ĐoŵpetitioŶ ŵodelliŶg, to get a ǀalue foƌ the total ligaŶd ĐoŶĐeŶtƌatioŶ. The 
diffeƌeŶĐe ďetǁeeŶ LFe aŶd [Fe-H“] is <ϱ% so this iŶtƌoduĐed oŶlǇ a ŵiŶoƌ ĐhaŶge. Cuƌǀe 
fittiŶg ǁas used to fit a K͛Cu͛H“ ǀalue to all data siŵultaŶeouslǇ afteƌ iŶitiallǇ ĐalĐulatiŶg a 
ǀalue foƌ eaĐh data poiŶt.  
The ĐoŶĐeŶtƌatioŶ of Fe-H“ ǁas fouŶd to deĐƌease iŶ ƌespoŶse to the Đoppeƌ additioŶs 
;Fig. ϯ.ϲͿ suggestiŶg that Cu Đaused Fe to ďe ƌeleased fƌoŵ Fe-H“ as a ƌesult of Đoŵpetitiǀe 
ĐoŵpleǆatioŶ. The Đoppeƌ additioŶs ǁeƌe oǀeƌ a laƌge ƌaŶge fƌoŵ ŶM to µM: the high ƌaŶge 
ǁas ŶeĐessaƌǇ to oďtaiŶ a good data fit, ďut [Fe-H“] ǁas ƌespoŶdiŶg alƌeadǇ at Cu additioŶs 
iŶ the ŶM ƌaŶge, iŶdiĐatiŶg that the effeĐt is of iŵpoƌtaŶĐe at the ĐoŶĐeŶtƌatioŶs tǇpiĐal foƌ 
estuaƌiŶe ĐoŶditioŶs. The Đoppeƌ additioŶs at loǁ saliŶitǇ ǁeƌe loǁeƌ thaŶ those at higheƌ 
saliŶitǇ this Đould ďe due to iŶĐƌease ĐoŵpetitioŶs ďǇ ŵajoƌ ĐatioŶs ǁith iŶĐƌeasiŶg saliŶitǇ. 
The Đoŵpleǆ staďilitǇ foƌ the Cu-H“ ;ǀalues foƌ the ĐoŶditioŶal staďilitǇ ĐoŶstaŶt K͛Cu͛H“Ϳ 
ĐalĐulated fƌoŵ the ĐoŵpetitioŶ titƌatioŶs, is suŵŵaƌised iŶ Taďle ϯ.ϱ. These aƌe aŶ oƌdeƌ of 
ŵagŶitude loǁeƌ thaŶ the Đoŵpleǆ staďilities foƌ total Cu ligaŶds iŶ the saŵples, fuƌtheƌ 
suppoƌtiŶg the pƌeseŶĐe of aŶotheƌ, stƌoŶgeƌ, ligaŶd foƌ Cu, suĐh as thiols. 
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Figuƌe ϯ.ϲ. EffeĐt of Cu additioŶs oŶ the ƌespoŶse foƌ the Ŷatuƌal Fe-H“ speĐies iŶ eaĐh saŵple, as a ƌesult of ĐoŵpetitioŶ of Cu ǁith the ĐoŵpleǆatioŶ of H“ ďǇ Fe. The 
Đuƌǀes ƌepƌeseŶt the data fit thƌough the data, ǁhiĐh ǁas used to oďtaiŶ ǀalues foƌ the Đoŵpleǆ staďilitǇ, K͛Cu͛H“, foƌ Cu ǁith H“. Values foƌ K͛Fe͛H“ Ŷeeded foƌ this 
ĐalĐulatioŶ ǁeƌe oďtaiŶed usiŶg sepaƌate ĐoŵpleǆiŶg ligaŶd titƌatioŶs. The ǀalues foƌ K͛Fe͛H“ aƌe iŶ Taďle ϯ.ϰ aŶd those foƌ K͛Cu͛H“ iŶ Taďle ϯ.ϱ. 
 ϭϬϳ 
 
Taďle ϯ.ϱ: CoŶditioŶal staďilitǇ ĐoŶstaŶts ;log K´Cu´H“Ϳ fƌoŵ Cu ĐoŵpetitioŶ ǁith Fe foƌ H“ iŶ estuaƌiŶe 
aŶd Đoastal ǁateƌs. The fitted ǀalues aƌe Đoŵpaƌed to log K´Cu´L ǀalues fƌoŵ ĐoŵpleǆiŶg ligaŶd 
titƌatioŶs Đaƌƌied out iŶ the saŵe saŵples. The ǀalues foƌ log K´Cu´L aƌe ƌepƌeseŶtatiǀe foƌ all ligaŶds 
ǁheƌeas the ǀalues foƌ log K´Cu´H“ aƌe foƌ the H“ speĐies oŶlǇ. The ǀalues foƌ αCu´ ǁeƌe ĐalĐulated foƌ 
pHNB“ ϴ.Ϯ usiŶg aŶ ioŶ-paiƌiŶg ŵodel to pƌoǀide fƌee ĐoŶĐeŶtƌatioŶs of the ŵajoƌ aŶioŶs ;COϯϮ-, HCOϯ-, 
“OϰϮ-Ϳ, ĐoŶĐeŶtƌatioŶs of H+ oŶ the NB“, fƌee aŶd “W sĐale, aŶd total ĐoŶĐeŶtƌatioŶs of COϯϮ- aŶd 
HCOϯ- oŶ the seaǁateƌ sĐale. 
 
StatioŶ  SaliŶitǇ Log K´Cu´HS fƌoŵ 
ǀalues foƌ K’Fe’L ďǇ 





ϭ ϭϴ.ϴ ϭϬ.Ϯ ϭϭ.ϲ ϭϰ 
Ϯ ϮϬ.Ϭ ϭϬ.ϭ ϭϭ.ϰ ϭϰ 
ϯ ϮϮ.Ϯ ϭϬ.ϱ ϭϭ.ϱ ϭϱ 
ϰ Ϯϲ.ϯ ϭϬ.ϳ ϭϭ.ϰ ϭϳ 
ϱ Ϯϴ.ϴ ϭϬ.ϳ ϭϭ.Ϭ ϭϴ 
ϲ ϯϬ.ϵ ϭϬ.ϵ ϭϭ.ϰ ϭϵ 
ϳ ϯϮ.Ϯ ϭϭ.ϭ ϭϭ.ϵ ϭϵ 
CalĐulatioŶ of ǀalues foƌ Cu’ 
pK͛CuOH = ϴ.ϭϭ ;HF sĐaleͿ 
pK͛CuOHϮ = ϭϱ.ϵ ;HF sĐaleͿ 
 
IoŶiĐ stƌeŶgth ĐoƌƌeĐted ;TuƌŶeƌ et al., 
ϭϵϴϭͿ aŶd adjusted to ŵatĐh at “al ϯϱ 
the ĐoŶstaŶts fƌoŵ ;ǀaŶ deŶ Beƌg, 
ϭϵϴϰͿ 
log K͛CuB;OHͿϰ = ϯ.ϰϱ ;ǀaŶ deŶ Beƌg, ϭϵϴϰͿ 
logK͛CuCOϯsǁ =ϲ.ϳϰ-ϱϰϮ.ϭ/T =ϰ.ϴϵ ;“oli aŶd BǇƌŶe, ϭϵϴϵͿ 





3.4.1. Re-ĐaliďƌatioŶ of K’Fe’SA aŶd B’Fe’SAϮ as fuŶĐtioŶ of the saliŶitǇ 
The staďilitǇ ĐoŶstaŶts, K͛Fe͛“A aŶd B͛Fe͛“AϮ, ǁeƌe ƌe-Đaliďƌated as a fuŶĐtioŶ of saliŶitǇ 
ďetǁeeŶ ϰ aŶd ϯϱ to eŶaďle use of “A foƌ ligaŶd ĐoŵpetitioŶ at loǁ saliŶities as oĐĐuƌƌiŶg iŶ 
estuaƌiŶe ǁateƌs. The ǀalues foƌ the ĐoŶstaŶts ǁeƌe fitted to the ƌespoŶse as a fuŶĐtioŶ of 
[“A] ǁithout the Ŷeed foƌ additioŶ of aŶ oƌgaŶiĐ ĐoŵpetiŶg ligaŶd ;tǇpiĐallǇ EDTAͿ thus 
eliŵiŶatiŶg pƌoďleŵs ƌelated to uŶĐeƌtaiŶties iŶ its Đoŵpleǆ staďilitǇ as a fuŶĐtioŶ of saliŶitǇ 
;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. The iŶoƌgaŶiĐ speĐiatioŶ of Fe ;Fe͛Ϳas a fuŶĐtioŶ of the 
ioŶiĐ stƌeŶgth ;saliŶitǇͿ aŶd teŵpeƌatuƌe is ǁell kŶoǁŶ ;Liu aŶd Milleƌo, ϭϵϵϵͿ. The ǀalue foƌ 
log Fe͛ ǀaƌied ďetǁeeŶ ϭϬ.Ϯϴ ;“al ϰͿ aŶd ϵ.ϵϴ ;“al ϯϱͿ ;Taďle ϯ.ϭͿ aŶd ǁas used foƌ the 
ĐaliďƌatioŶ. The ǁateƌ of “al < ϯϱ ĐoŶsisted of UV-digested seaǁateƌ of “al ϯϱ diluted ǁith Ϯ 
ŵM HCOϯ- iŶ MQ to ŵaiŶtaiŶ a ƌealistiĐ ĐoŶstaŶt alkaliŶitǇ. The pH ǁas kept at ϴ.ϭϴ ;NB“ 
 ϭϬϴ 
 
sĐaleͿ usiŶg ďoƌate/aŵŵoŶia ďuffeƌ. The ǀalues foƌ K͛Fe͛“A aŶd log B͛Fe͛“AϮ ǁeƌe fitted to liŶeaƌ 
eƋuatioŶs as a fuŶĐtioŶ of saliŶitǇ to eŶaďle iŶteƌpolatioŶ aŶd eǆtƌapolatioŶ:  
K´Fe´“A= ;-Ϯ.ϵϴ±Ϭ.ϭϴͿ ǆϭϬϰ × “al+ ;ϰ.ϲϬ±Ϭ.ϬϰͿ ǆϭϬϲ  ;ϮͿ 
Log B´Fe´“AϮ= ;-ϭ.ϰϭ±Ϭ.ϬϲͿ × log “al + ;ϭϮ.ϴϱ±Ϭ.ϬϳͿ  ;ϯͿ 
The ĐhaŶge iŶ B͛Fe͛“AϮ as a fuŶĐtioŶ of “al ǁas ŵuĐh gƌeateƌ thaŶ iŶ K´Fe´“A aŶd ǁas 
theƌefoƌe fitted usiŶg a log-log fuŶĐtioŶ ;EƋŶ. ϯͿ. Values ĐalĐulated foƌ K͛ aŶd B͛ at saliŶitǇ ϯϱ 
usiŶg these eƋuatioŶs ŵatĐh the pƌeǀious ǀalues at the saŵe saliŶitǇ ;Aďualhaija aŶd ǀaŶ 
deŶ Beƌg, ϮϬϭϰͿ: the ƌefeƌeŶĐe ǀalue foƌ log K͛Fe͛“A is ϲ.ϱϮ, Đoŵpaƌed to ϲ.ϱϱ fƌoŵ eƋuatioŶ 
;ϮͿ, aŶd the ƌefeƌeŶĐe ǀalue foƌ log B͛Fe͛“AϮ is ϭϬ.ϳϮ ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ, 
Đoŵpaƌed to ϭϬ.ϲϳ usiŶg eƋuatioŶ ;ϯͿ. The staďilitǇ of the ϭ:ϭ, Fe-“A, Đoŵpleǆ ǁas fouŶd to 
iŶĐƌease a sŵall aŵouŶt ;Ϭ.ϭ uŶits iŶ log K͛Fe͛“AͿ ǁheŶ the saliŶitǇ ǁas deĐƌeased fƌoŵ ϯϱ to 
ϰ, ǁheƌeas the ǀalue of log B͛Fe͛“AϮ iŶĐƌeased fƌoŵ ϭϬ.ϳ to ϭϮ.Ϭ oǀeƌ the saŵe saliŶitǇ ƌaŶge 
;Taďle ϯ.ϭͿ.  
PƌeǀiouslǇ it ǁas thought that the C“V ƌespoŶse foƌ Fe ǁas ďased oŶ the ĐoŶĐeŶtƌatioŶ 
of Fe“AϮ ;BuĐk et al., ϮϬϬϳ; ‘ue aŶd BƌulaŶd, ϭϵϵϱͿ, ǁheƌeas ƌeĐeŶt data shoǁs that Fe“A is 
the adsoƌptiǀe speĐies aŶd foƌŵatioŶ of Fe“AϮ is the Đause foƌ a deĐƌease iŶ the seŶsitiǀitǇ 
;ŶA peak-height ;ŶM FeͿ-ϭͿ ǁheŶ [“A] iŶĐƌeases aďoǀe the optiŵal ĐoŶĐeŶtƌatioŶ ;Aďualhaija 
aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. The loǁeƌ saliŶitǇ data iŶ this ǁoƌk ĐoŶfiƌŵs that sĐeŶaƌio: the 
ƌelatiǀe seŶsitiǀitǇ ;XͿ ĐaŶ ďe seeŶ to deĐƌease ǁith iŶĐƌeasiŶg [“A] at eaĐh saliŶitǇ tested 
;Fig. ϯ.ϭAͿ ǁheŶ [“A] is gƌeateƌ thaŶ aŶ optiŵal ĐoŶĐeŶtƌatioŶ. This optiŵal ĐoŶĐeŶtƌatioŶ 
ĐaŶ ďe seeŶ to ŵoǀe to a loǁeƌ [“A] ǁith deĐƌeasiŶg saliŶitǇ, ǁhilst at the saŵe tiŵe the 
ŵaǆiŵuŵ seŶsitiǀitǇ at eaĐh saliŶitǇ also deĐƌeases. This deĐƌease iŶ the ŵaǆiŵuŵ 
seŶsitiǀitǇ is soŵeǁhat ĐouŶteƌ-iŶtuitiǀe as it ŵight ďe eǆpeĐted that the Đoŵpleǆ staďilitǇ 
aŶd theƌefoƌe the ĐoŵpleǆatioŶ of Fe ďǇ “A should iŶĐƌease ǁith deĐƌeasiŶg saliŶitǇ due to 
less ĐoŵpetitioŶ ďǇ the ŵajoƌ ĐatioŶs. The ǀalues foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ  do iŶdeed iŶĐƌease 
ǁith deĐƌeasiŶg saliŶitǇ ;Fig. ϯ.ϭA aŶd BͿ iŶdiĐatiŶg that the ĐoŵpleǆatioŶ of Fe ďǇ “A, aŶd its 
Đoŵpleǆ staďilitǇ, iŶĐƌease ǁith deĐƌeasiŶg saliŶitǇ. Hoǁeǀeƌ, the oǀeƌall seŶsitiǀitǇ 
diŵiŶishes ďeĐause the staďilitǇ of the Fe“AϮ speĐies iŶĐƌeases ŵoƌe ƌapidlǇ thaŶ that of 
Fe“A. The Đoŵpaƌatiǀe ĐhaŶge ŵeaŶs that the Fe“A speĐies is iŶĐƌeasiŶglǇ outĐoŵpeted ďǇ 
the Fe“AϮ speĐies at loǁeƌ saliŶitǇ, ǁhiĐh eǆplaiŶs the shape of the seŶsitiǀitǇ Đuƌǀes ;Fig. 
ϯ.ϭAͿ. The ŵaǆiŵuŵ ƌespoŶse at loǁ saliŶitǇ is oďtaiŶed at [“A] = ϭ µM ;foƌ “al = ϰͿ ǁheƌeas 
 ϭϬϵ 
 
the ƌespoŶse is gƌeatest at ϱ µM “A at a saliŶitǇ of ϯϱ. The ĐoŶĐeŶtƌatioŶ of “A ǁas kept 
ĐoŶstaŶt at ϱ µM “A iŶ this ǁoƌk to staŶdaƌdise the aŶalǇses.  
 
3.4.2. Fe aŶd Cu-ďiŶdiŶg huŵiĐs iŶ estuaƌiŶe ǁateƌs 
The ĐoŶĐeŶtƌatioŶs of Cu-H“ aŶd Fe-H“ ǁeƌe ŵeasuƌed heƌe iŶdepeŶdeŶtlǇ ďǇ 
ǀoltaŵŵetƌǇ usiŶg eitheƌ the peak foƌ the Cu-H“ oƌ the Fe-H“ speĐies. The ƌesults shoǁŶ 
ǁeƌe Đaliďƌated agaiŶst “‘HA aŶd sepaƌate tests shoǁed that the seŶsitiǀitǇ ǁas the saŵe 
usiŶg “‘FA: the ŵg/L ĐoŶĐeŶtƌatioŶs of H“ aƌe theƌefoƌe iŶdepeŶdeŶt oŶ ǁhetheƌ “‘FA oƌ 
“‘HA is used.  
A diffeƌeŶĐe ďetǁeeŶ the tǁo speĐies ;Cu-H“ aŶd Fe-H“Ϳ is that the Cu-H“ ǁas 
deteƌŵiŶed afteƌ satuƌatioŶ ǁith Cu aŶd the Fe-H“ afteƌ satuƌatioŶ ǁith Fe. The good 
agƌeeŵeŶt iŶ the data ;Fig. ϯ.ϯA aŶd Taďle ϯ.ϯͿ shoǁs that eitheƌ ŵethod ĐaŶ ďe used to 
deteƌŵiŶe ŵaƌiŶe H“. The peak foƌ Cu-H“ is Ŷeaƌ to the peak foƌ fƌee Cu ,͛ ǁhiĐh ƌeƋuiƌes 
Đaƌeful eliŵiŶatioŶ ďǇ suďtƌaĐtiŶg a ďlaŶk sĐaŶ aŶd ďǇ ŵiŶiŵisiŶg the Cu additioŶ. DeteĐtioŶ 
of Fe-H“ does Ŷot suffeƌ fƌoŵ this ĐoŵpliĐatioŶ aŶd is theƌefoƌe aƌguaďlǇ easieƌ to 
deteƌŵiŶe, ďut the Fe-H“ peak Đould ďe uŶstaďle due to pƌeĐipitatioŶ of the eǆĐess iŶoƌgaŶiĐ 
Fe. The liŵit of deteĐtioŶ ;LoDͿ of the Fe-H“ ŵethod ǁas ϯ µg/l H“ usiŶg a ϮϰϬ s adsoƌptioŶ 
tiŵe iŶ seaǁateƌ. A higheƌ LoD of ϭϬϬ µg/l has ďeeŶ Ƌuoted foƌ the CuH“ ;WhitďǇ aŶd ǀaŶ 
deŶ Beƌg, ϮϬϭϰͿ. 
CoŶǀeƌsioŶ of the Fe-H“ aŶd Cu-H“ fƌoŵ the ŵg/L to the ŶM sĐale ǁould ďe siŵple if 
theƌe ǁas a siŶgle ŵetal ďiŶdiŶg ĐapaĐitǇ of the H“. Ouƌ data shoǁs that theƌe aƌe 
diffeƌeŶĐes iŶ the Ŷuŵďeƌs of Cu aŶd Fe ďiŶdiŶg sites oŶ “‘HA: ϭϴ ŶaŶoŵole Cu/ŵg “‘HA 
;WhitďǇ aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ Đoŵpaƌed to ~ϯϭ ŶaŶoŵole Fe/ŵg “‘HA ;Aďualhaija aŶd 
ǀaŶ deŶ Beƌg, ϮϬϭϰ; Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ. “‘FA ďiŶds at a diffeƌeŶt ƌatio fƌoŵ 
“‘HA: the ƌatio foƌ Cu ;ϭϲ Ŷŵole Cu/ŵg “‘FAͿ is the saŵe as oŶ the “‘HA, ǁheƌeas the 
Ŷuŵďeƌ of Fe-ďiŶdiŶg sites oŶ “‘FA is appƌoǆiŵatelǇ half that oŶ the “‘HA: ϭϳ.ϲ ŶaŶoŵole 
Fe/ŵg “‘FA, Đoŵpaƌed to ϯϮ Ŷŵole Fe/ŵg “‘HA ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ. The 
“‘HA ďiŶds ŶeaƌlǇ tǁiĐe as ŵuĐh Fe as Cu, ǁhiĐh ŵight suggest that the Fe-HA Đoŵpleǆ is 
Ϯ:ϭ ;FeϮ-HAͿ ǁheƌeas the Cu Đoŵpleǆ is ϭ:ϭ, oƌ that tǁo sites aƌe aǀailaďle foƌ Fe oŶ the 
“‘HA. The “‘FA data is theŶ ĐoŶsisteŶt ǁith a ϭ:ϭ speĐies foƌ Fe-“‘FA aŶd Cu-“‘FA.  
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Not kŶoǁiŶg ǁhetheƌ the H“ iŶ estuaƌiŶe ǁateƌs aƌe like FA oƌ HA ĐoŵpliĐates the 
ĐoŶǀeƌsioŶ of FeH“ to the ŶaŶoŵolaƌ sĐale, ŶeĐessaƌǇ to Đoŵpaƌe to the ligaŶd 
ĐoŶĐeŶtƌatioŶs ;as the ƌatios aƌe the saŵe foƌ Cu-FA aŶd Cu-HA it ŵakes Ŷo diffeƌeŶĐe foƌ 
the Cu-H“Ϳ. The ŶaŶoŵolaƌ ĐoŶĐeŶtƌatioŶs iŶ Taďle ϯ.ϰ ǁeƌe ĐalĐulated usiŶg the ƌatios foƌ 
“‘HA. The ŶaŶoŵolaƌ ĐoŶĐeŶtƌatioŶs of the Cu-H“ aŶd Fe-H“ iŶ Taďle ϯ.ϰ diffeƌ ďeĐause of 
the diffeƌeŶt ĐoŵpleǆatioŶ ƌatios. The data iŶ Fig. ϯ.ϱB ǁas plotted usiŶg a ďiŶdiŶg ĐapaĐitǇ 
of ϯϬ.ϲ Ŷŵole Fe ;ŵg HA-ϭͿ as ǀalid foƌ “‘HA. The slope of ŶeaƌlǇ uŶitǇ ;Ϭ.ϵϴͿ ĐoŶfiƌŵs that 
the Fe-ďiŶdiŶg ƌatio of the ŵaƌiŶe H“ of ϯϬ.ϯ ϭ Ŷŵole Fe/ŵg H“ is ŶeaƌlǇ the saŵe as that 
foƌ “‘HA, iŶdiĐatiŶg that the H“ iŶ these ǁateƌs ďehaǀes as HA ƌatheƌ thaŶ FA ǁhiĐh has a 
loǁeƌ ďiŶdiŶg ƌatio of Ŷeaƌ ϭϳ Ŷŵole Fe/ŵg FA ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ.  
The ĐoŶĐeŶtƌatioŶ of H“ ;Cu aŶd Fe-ďouŶdͿ is deĐƌeasiŶg ǁith iŶĐƌeasiŶg saliŶitǇ, 
laƌgelǇ iŶ-liŶe ǁith ǁhat is kŶoǁŶ aďout H“ ;“holkoǀitz et al., ϭϵϳϴͿ. EǆtƌapolatioŶ of the 
ĐoŶĐeŶtƌatioŶ of H“ iŶ the MeƌseǇ ǁateƌs to a saliŶitǇ of ϯϱ giǀes aŶ estiŵated ǀalue of Ϭ.Ϭϱ 
ŵg H“ L-ϭ, ǁhiĐh is, ĐoiŶĐideŶtallǇ iŶ ǀieǁ of the Ŷoise iŶ the data, the saŵe as that fouŶd foƌ 
ƌesidual H“ iŶ the AŵazoŶ outfloǁ ;“holkoǀitz et al., ϭϵϳϴͿ. A ǀalue of Ϭ.Ϯ ŵg H“ L-ϭ is fouŶd 
ďǇ eǆtƌapolatioŶ of the Cu-H“ data. 
 
3.4.3. Fe aŶd Cu ĐoŵpleǆiŶg ligaŶds iŶ estuaƌiŶe ǁateƌs 
LigaŶd ĐoŶĐeŶtƌatioŶs had ďeeŶ deteƌŵiŶed ďǇ ŵetal titƌatioŶ iŶ pƌeseŶĐe of “A, ǁhiĐh 
theƌefoƌe ĐoŶstitutes a ŵethod that is iŶdepeŶdeŶt of the H“ deteƌŵiŶatioŶ. The 
ĐoŶĐeŶtƌatioŶ of the iƌoŶ ďiŶdiŶg ligaŶd ;LFeͿ ǁas > [Fe] iŶ all saŵples: [Fe] / LFe = Ϭ.ϴϭ  Ϭ.ϬϮ. 
This ŵakes seŶse as aŶǇ Fe iŶ eǆĐess of the ligaŶd ĐoŶĐeŶtƌatioŶ ǁould teŶd to pƌeĐipitate 
due to the loǁ soluďilitǇ of iŶoƌgaŶiĐ Fe ;~ϭϬ-ϭϭ M ;Liu aŶd Milleƌo, ϭϵϵϵͿͿ uŶtil the 
ƌeŵaiŶdeƌ is kept iŶ solutioŶ ďǇ the eǆĐess of ligaŶds. The plot of Fe as fuŶĐtioŶ of LFe is 
liŶeaƌ ;Fig. ϯ.ϰBͿ shoǁiŶg the stƌoŶg effeĐt of oƌgaŶiĐ ĐoŵpleǆatioŶ oŶ the geoĐheŵistƌǇ of 
Fe fouŶd pƌeǀiouslǇ foƌ estuaƌiŶe ǁateƌs ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ. 
The Cu ĐoŶĐeŶtƌatioŶ is also ĐoŶtƌolled ďǇ ĐoŵpleǆatioŶ: [Cu]/ LCu = Ϭ.ϵϮ  Ϭ.Ϭϲ foƌ 
statioŶs ĐolleĐted iŶ MaǇ ϮϬϭϯ, ǁhiĐh is gƌeateƌ thaŶ the ƌatio ;[Cu]/ LCu = Ϭ.ϱͿ fouŶd foƌ the 
high saliŶitǇ eŶd ŵeŵďeƌ ĐolleĐted iŶ MaǇ ϮϬϭϰ.  
CoŵpaƌisoŶ ǁith the ĐoŶĐeŶtƌatioŶs of Fe-H“ aŶd Cu-H“ ;Fig. ϯ.ϱͿ shoǁs that the Fe-
 ϭϭϭ 
 
H“ ĐoŶstitutes all the ligaŶds foƌ Fe ;[Fe-H“] = Ϭ.ϵϴ ǆ LFe + Ϭ.ϲϴͿ ǁheƌeas a ŵuĐh laƌgeƌ 
iŶteƌĐept oŶ the ligaŶd-aǆis is oďtaiŶed foƌ Cu suggestiŶg that a sigŶifiĐaŶt pƌopoƌtioŶ is Ŷot 
fƌoŵ H“. The ĐoŶĐeŶtƌatioŶ of Cu-ďiŶdiŶg H“ ǁas oŶ aǀeƌage Ϭ.ϲϵ ± Ϭ.Ϭϱ ǆ LCu, iŶdiĐatiŶg that 
oŶ aǀeƌage aďout ϯϬ% of the Cu ďiŶdiŶg ligaŶds is Ŷot fƌoŵ H“ oƌigiŶ. AgaiŶ theƌe ǁas a 
disĐƌepaŶĐǇ iŶ the high saliŶitǇ eŶd ŵeŵďeƌ ǀalue, ǁheƌe the ĐoŶĐeŶtƌatioŶ of Cu-ďiŶdiŶg 
H“ ǁas Ϭ.ϯ, ŵuĐh loǁeƌ thaŶ the ƌatio of Ϭ.ϳ deteƌŵiŶed at the otheƌ statioŶs the pƌeǀious 
Ǉeaƌ. Otheƌ thaŶ the eŶd ŵeŵďeƌ statioŶ, the Đoppeƌ ďiŶdiŶg ligaŶds aƌe laƌgelǇ, ďut Ŷot 
eǆĐlusiǀelǇ, fƌoŵ huŵiĐ oƌigiŶ. The disĐƌepaŶĐǇ ŵakes seŶse as thiols also oĐĐuƌ iŶ estuaƌiŶe 
ǁateƌs, aƌe a ligaŶd foƌ Cu ;TaŶg et al., ϮϬϬϬͿ aŶd appaƌeŶtlǇ teŶd to aĐĐouŶt foƌ a higheƌ 
peƌĐeŶtage of Cu ligaŶds at higheƌ saliŶitǇ. Although it ǁas Ŷot possiďle to aĐĐuƌatelǇ ŵodel 
tǁo ligaŶd Đlasses foƌ these saŵples, ǁe aƌe ĐuƌƌeŶtlǇ ǁoƌkiŶg oŶ saŵples ǁheƌe ǁe ĐaŶ 
distiŶguish ďetǁeeŶ thiols aŶd huŵiĐs as ĐoŵpetiŶg ligaŶds foƌ Cu iŶ estuaƌiŶe ǁateƌ. Co-
ǀaƌiatioŶ of the Cu ĐoŶĐeŶtƌatioŶ ǁith ĐoŵpleǆiŶg ligaŶds, aŶd the effeĐt oŶ the Cu 
geoĐheŵistƌǇ, has ďeeŶ fouŶd ďefoƌe iŶ ǁateƌs fƌoŵ the “Đheldt estuaƌǇ ;ǀaŶ deŶ Beƌg et al., 
ϭϵϴϳͿ aŶd elseǁheƌe ;Mulleƌ aŶd BatĐhelli, ϮϬϭϯ; Oldhaŵ et al., ϮϬϭϰ; PlaǀsiĐ et al., ϮϬϬϵͿ.  
The aǀeƌage ǀalue of log K͛Fe͛L ďetǁeeŶ saliŶitǇ ϭϴ.ϴ aŶd ϯϮ.Ϯ ǁas ϭϭ.Ϯ±Ϭ.ϭ, siŵilaƌ to 
that fouŶd foƌ “‘HA added to seaǁateƌ ;ϭϭ.ϲ Ϭ.ϭ aŶd ϭϭ.ϭͿ ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, 
ϮϬϭϰ; Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ aŶd also siŵilaƌ to the Đoŵpleǆ staďilitǇ ;log K͛Fe͛L = 
ϭϭ.ϭͿ of ligaŶds iŶ Đoastal ǁateƌs ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ. Otheƌ ǁoƌk oŶ estuaƌiŶe 
ǁateƌs fouŶd log K͛FeL ǀaƌǇiŶg ďetǁeeŶ ϭϭ.ϭ aŶd ϭϯ.ϵ, the highest ǀalues gƌeateƌ thaŶ fouŶd 
heƌe ďut ǁhiĐh Đould ďe due to ŵeasuƌeŵeŶts at ŵuĐh loǁeƌ saliŶitǇ ;ϭ.ϰ-ϱ.ϲͿ ;BuĐk et al., 
ϮϬϬϳͿ. 
 
3.4.4. Metal ĐoŵpetitioŶ foƌ the HS 
The ĐoŵpetitioŶ eǆpeƌiŵeŶts deŵoŶstƌated ĐoŵpetitioŶ ďetǁeeŶ Cu aŶd Fe foƌ H“ iŶ 
the ŵaƌiŶe eŶǀiƌoŶŵeŶt. The ĐoŵpetitioŶ data ǁeƌe used to get a ǀalue foƌ the Đoŵpleǆ 
staďilitǇ of Cu ǁith the H“: aŶ aǀeƌage ǀalue of ϭϬ.ϲϬ.ϰ ǁas fouŶd foƌ logK͛Cu͛H“, ǁhiĐh 
Đoŵpaƌes to a ǀalue of ϭϭ.ϱϬ.ϯ foƌ logK͛Cu͛L fƌoŵ the Cu-ĐoŵpleǆiŶg ligaŶd titƌatioŶs agaiŶst 
“A. Theƌe is theƌefoƌe a sigŶifiĐaŶt diffeƌeŶĐe ďetǁeeŶ the ǀalue foƌ K͛Cu͛H“ aŶd K͛Cu͛L ǁhiĐh 
ŵust ďe due to gƌeateƌ staďilitǇ of Đoŵpleǆes ǁith otheƌ oƌgaŶiĐ ligaŶds. It ĐaŶ ďe speĐulated 
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that otheƌ speĐies of Cu ŵaǇ ďe thiols ǁhiĐh aƌe kŶoǁŶ to foƌŵ ŵoƌe staďle Đoŵpleǆes ǁith 
Đoŵpleǆ staďilitǇ ;logK͛Cu͛LͿ ǀalues of ϭϮ-ϭϰ ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϯͿ. The ǀalue of 
logK͛Cu͛H“ ;ϭϬ.ϲϬ.ϰͿ fƌoŵ the ĐoŵpetitioŶ data is ǀeƌǇ siŵilaƌ to that ;logK͛Cu͛H“ = ϭϬ.ϳͿ foƌ Cu 
ĐoŵpleǆatioŶ ǁith ƌiǀeƌiŶe huŵiĐs ;“‘HAͿ ;WhitďǇ aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ ĐoŶfiƌŵiŶg that 
the H“ iŶ the MeƌseǇ ďehaǀes siŵilaƌ to “‘HA. 
 
3.4.5. IŵpliĐatioŶs of the fiŶdiŶgs of this ǁoƌk 
The Ŷeǁ ǀalues foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ oďtaiŶed at saliŶities ďetǁeeŶ ϰ aŶd ϯϱ giǀe a 
sigŶifiĐaŶtlǇ laƌgeƌ ǀalue foƌ the -ĐoeffiĐieŶt foƌ ĐoŵpleǆatioŶ of Fe ďǇ “A thaŶ ĐalĐulated 
ďased oŶ the pƌeǀious ǀalues foƌ B͛Fe͛“AϮ ;BuĐk et al., ϮϬϬϳͿ aloŶe ;Taďle ϯ.ϮͿ. CalĐulatioŶ of -
ĐoeffiĐieŶts aŶd ĐoŵpaƌisoŶ to that ĐalĐulated usiŶg the pƌeǀious Đoŵpleǆ staďilitǇ shoǁs 
that the diffeƌeŶĐe is a faĐtoƌ of ~ϵ at a saliŶitǇ of Ϯ at ϯϬ µM “A ;the ĐoƌƌeĐt -ĐoeffiĐieŶt is 
ϵ tiŵes laƌgeƌͿ, ǁhilst the diffeƌeŶĐe at higheƌ saliŶitǇ is less ďut still iŵpoƌtaŶt ;Taďle ϯ.ϮͿ. It 
is of speĐial iŵpoƌtaŶĐe to use the ĐoƌƌeĐt staďilitǇ ĐoŶstaŶts ǁheŶ the deteĐtioŶ ǁiŶdoǁ is 
ǀaƌied as the ƌatio of the Ŷeǁ aŶd old -ĐoeffiĐieŶts ǀaƌies ǁith the ĐoŶĐeŶtƌatioŶ of “A: the 
ƌatio ĐhaŶges fƌoŵ ϳ.ϯ to ϭ.ϲ ;“al ϯϱͿ, oƌ fƌoŵ ϭϭ.ϵ to ϵ.ϰ ;“al ϮͿ ǁheŶ [“A] is ƌaised fƌoŵ ϱ to 
ϯϬ µM ;Taďle ϯ.ϮͿ. UsiŶg the old ĐoŶstaŶts ǁould lead to a shift iŶ the deteĐted K͛Fe͛L ǁith the 
deteĐtioŶ ǁiŶdoǁ, that Đould ďe iŶĐoƌƌeĐtlǇ attƌiďuted to the pƌeseŶĐe of ŵoƌe thaŶ oŶe 
ligaŶd.  
The Đo-ǀaƌiatioŶ ďetǁeeŶ Cu aŶd Fe ǁith the ligaŶd ĐoŶĐeŶtƌatioŶ shoǁs that the 
geoĐheŵistƌǇ of ďoth ŵetals iŶ the MeƌseǇ estuaƌǇ is ĐoŶtƌolled ďǇ oƌgaŶiĐ ĐoŵpleǆatioŶ, as 
has ďeeŶ fouŶd pƌeǀiouslǇ foƌ Cu ;BuĐk aŶd BƌulaŶd, ϮϬϬϱ; Oldhaŵ et al., ϮϬϭϰ; “aŶdeƌ et 
al., ϮϬϭϰ; ǀaŶ deŶ Beƌg et al., ϭϵϴϳͿ aŶd Fe ;BoǇe et al., ϮϬϬϯ; BuĐk et al., ϮϬϬϳ; BuŶdǇ et al., 
ϮϬϭϰͿ iŶ estuaƌiŶe aŶd seaǁateƌ. The siŵilaƌitǇ of the ĐoŶĐeŶtƌatioŶs of Fe-ďiŶdiŶg H“ to the 
ligaŶd ĐoŶĐeŶtƌatioŶ shoǁs that ŶeaƌlǇ the eŶtiƌe ligaŶd ĐoŶĐeŶtƌatioŶ is ƌepƌeseŶted ďǇ H“. 
The ĐoŶĐeŶtƌatioŶ of Cu-ďiŶdiŶg H“ is less thaŶ the Cu-ďiŶdiŶg ligaŶd ĐoŶĐeŶtƌatioŶ 
iŶdiĐatiŶg that a seĐoŶd ligaŶd plaǇs a ƌole foƌ Cu. The ĐoŵpetitioŶ eǆpeƌiŵeŶts shoǁ that 
ĐoŵpleǆatioŶ of Fe ďǇ ligaŶds is affeĐted ďǇ ĐoŵpetitioŶ ďǇ Cu ;Fig. ϯ.ϲͿ. 
The ĐoŶĐeŶtƌatioŶ of H“ ;ŵg L-ϭͿ fouŶd as Cu-H“ aŶd Fe-H“ is the saŵe ;Taďle ϯ.ϯͿ. This 
ŵeaŶs that the H“ that is ďiŶdiŶg these ŵetals is the saŵe. This is ĐoŶfiƌŵed ďǇ the 
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ĐoŵpetitioŶ eǆpeƌiŵeŶts ;Fig. ϯ.ϲͿ that shoǁ that Cu Đoŵpetes ǁith Fe aŶd displaĐes it fƌoŵ 
Fe-H“ ǁheŶ added iŶ suffiĐieŶt ƋuaŶtitǇ. CoŵpetitioŶ oĐĐuƌs ǁheŶ [Cu͛] > [Fe͛] ďeĐause of 
the siŵilaƌitǇ of K͛Fe͛H“ aŶd K͛Cu͛H“ ;log K'Cu͛H“ = ϭϭ.ϭ aŶd log K'Fe'H“ = ϭϭ.ϯ at “al ϯϮ, Taďle ϯ.ϱͿ. 
This ĐoŵpetitioŶ ŵaǇ Đause the ĐoŵpleǆatioŶ of Fe ǁith H“ to ďe ĐaƌefullǇ ďalaŶĐed. 
The eǆĐess of Fe oǀeƌ the ligaŶd ĐoŶĐeŶtƌatioŶ iŶ all saŵples Đauses the [Fe] to 
diŵiŶish ǁith tiŵe due the loǁ soluďilitǇ of iŶoƌgaŶiĐ Fe as the ǁateƌ tƌaǀels thƌough the 
estuaƌǇ aŶd ďeǇoŶd. The ligaŶd ĐoŶĐeŶtƌatioŶ iŶ the high saliŶitǇ eŶd ŵeŵďeƌ ;ϲ ŶMͿ is oŶlǇ 
slightlǇ laƌgeƌ thaŶ the Fe ĐoŶĐeŶtƌatioŶ ;ϱ ŶMͿ. CoŵpetitioŶ ďǇ Cu, aŶd ǀaƌiatioŶs theƌeiŶ 
due to ǀaƌiatioŶs iŶ the ĐoŶĐeŶtƌatioŶ of thiols, Đould ǀaƌǇ the aŵouŶt of H“ aǀailaďle foƌ 
ĐoŵpleǆatioŶ ǁith Fe aŶd Đould theƌefoƌe affeĐt the geoĐheŵistƌǇ of Fe. “iŵilaƌlǇ, the 
ĐoŵpetitioŶ ďǇ Cu ĐaŶ ďe eǆpeĐted to affeĐt the aǀailaďilitǇ of Fe to ŵiĐƌooƌgaŶisŵs iŶ 
seaǁateƌ if this ƌelatioŶship plaǇs a ƌole iŶ opeŶ sea ĐoŶditioŶs. EǆtƌapolatioŶ of the 
ĐoŶĐeŶtƌatioŶ of Fe-H“ to aŶ oĐeaŶ saliŶitǇ of ϯϱ giǀes a ƌesidual leǀel of Ϭ.Ϭϱ ŵg H“ L-ϭ, 
eƋuiǀaleŶt to Fe-ďiŶdiŶg ligaŶd ĐoŶĐeŶtƌatioŶ of ϭ.ϱ ŶM, ǁhiĐh is siŵilaƌ to Fe-ďiŶdiŶg ligaŶd 
ĐoŶĐeŶtƌatioŶs fouŶd iŶ oĐeaŶ ǁateƌs ;BoǇe et al., ϮϬϬϱͿ. EǆtƌapolatioŶ of Cu-H“ giǀes a 
ƌesidual leǀel of Ϭ.Ϯ ŵg H“ L-ϭ iŶ seaǁateƌ eƋuiǀaleŶt to a Cu-ďiŶdiŶg ligaŶd ĐoŶĐeŶtƌatioŶ of 
ϯ.ϲ ŶM, ǁhiĐh is Đoŵpaƌaďle to leǀels fouŶd iŶ oĐeaŶ ǁateƌs ;Moffett aŶd DupoŶt, ϮϬϬϳͿ. 
Fuƌtheƌ ǁoƌk is ƌeƋuiƌed to ĐoŶfiƌŵ ǁhetheƌ H“ is aŶ iŵpoƌtaŶt ligaŶd foƌ Cu as ǁell as Fe iŶ 
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OƌgaŶiĐ speĐiatioŶ of dissolǀed iƌoŶ iŶ 























This chapter is modified from: Mahŵood, A., Aďualhaija, M.M., ǀaŶ deŶ Beƌg, C.M.G. aŶd “aŶdeƌ, “., 
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4. ORGANIC SPECIATION OF DISSOLVED IRON IN ESTUARINE AND 




Coŵpetitiǀe ligaŶd eǆĐhaŶge ǁith ĐathodiĐ stƌippiŶg ǀoltaŵŵetƌǇ ;CLE-C“VͿ is 
ĐoŵŵoŶlǇ used to deteƌŵiŶe the speĐiatioŶ of iƌoŶ aŶd otheƌ ŵetals iŶ seaǁateƌ. Heƌe ǁe 
use CLE-C“V ǁith ŵultiple aŶalǇtiĐal ǁiŶdoǁs ;MAWsͿ ďǇ ǀaƌǇiŶg the ĐoŶĐeŶtƌatioŶ of 
saliĐǇlaldoǆiŵe ;“AͿ to deteƌŵiŶe the speĐiatioŶ of Fe iŶ saŵples fƌoŵ the MeƌseǇ EstuaƌǇ 
aŶd Liǀeƌpool BaǇ. Data fittiŶgs oďtaiŶed fƌoŵ iŶdiǀidual titƌatioŶs, siŵultaŶeouslǇ aŶalǇsis 
of all ǁiŶdoǁs usiŶg KINETEQL MultiǁiŶdoǁ “olǀeƌ ;KM“Ϳ aŶd KM“ usiŶg siŶgle ǁiŶdoǁ 
ǁeƌe Đoŵpaƌed giǀiŶg good agƌeeŵeŶts. The saŵe ƌesults fƌoŵ diffeƌeŶt fittiŶg appƌoaĐhes 
;ǁithiŶ the staŶdaƌd deǀiatioŶͿ ǁeƌe oďtaiŶed aŶd ǁeƌe Đoŵpaƌed ǁith eaƌlieƌ puďlished 
ƌesults ;Aďualhaija et al., ϮϬϭϱͿ. IŶdiǀidual titƌatioŶ fittiŶg as ǁell as the MAW fittiŶg 
deŵoŶstƌated the pƌeseŶĐe of oŶlǇ oŶe ligaŶd iŶ all saŵples. The ligaŶd ĐoŶĐeŶtƌatioŶ 
ďehaǀed ŶoŶ-ĐoŶseƌǀatiǀelǇ ǁith iŶĐƌeasiŶg saliŶitǇ, aŶd ǁas iŶ eǆĐess of the iƌoŶ 
ĐoŶĐeŶtƌatioŶ thƌoughout the saliŶitǇ ƌaŶge tested; it Đo-ǀaƌied ǁith the ĐoŶĐeŶtƌatioŶ of 
iƌoŶ-ďiŶdiŶg huŵiĐ suďstaŶĐes ;H“Ϳ. MeasuƌeŵeŶt of the ĐoŵpositioŶ of dissolǀed oƌgaŶiĐ 
ĐaƌďoŶ ;DOCͿ usiŶg Ϯ-diŵeŶsioŶal fluoƌesĐeŶĐe sĐaŶs iŶdiĐates the pƌeseŶĐe of teƌƌestƌial as 
ǁell as ŵiĐƌoďial souƌĐes of oƌgaŶiĐ ŵatteƌ iŶ the estuaƌǇ. The fƌaĐtioŶ of H“ iŶ the DOC 
aŵouŶted to ďetǁeeŶ ϰϳ aŶd Ϯϱ % ďetǁeeŶ saliŶities of ϭϵ aŶd ϯϭ 
 









4.1.  IŶtƌoduĐtioŶ 
IƌoŶ ;FeͿ is aŶ esseŶtial ŵiĐƌoŶutƌieŶt foƌ ŵaƌiŶe phǇtoplaŶktoŶ as it ĐoŶtƌols pƌiŵaƌǇ 
pƌoduĐtiǀitǇ iŶ laƌge ƌegioŶs of the opeŶ oĐeaŶ; ĐoŶseƋueŶtlǇ it has a ŵajoƌ iŶflueŶĐe oŶ the 
gloďal ĐaƌďoŶ ĐǇĐle aŶd Đliŵate ;BoǇd aŶd Ellǁood, ϮϬϭϬͿ. The aǀailaďilitǇ of this tƌaĐe ŵetal 
to ďiota is depeŶdeŶt oŶ its speĐiatioŶ ;BƌaŶd et al., ϭϵϴϯͿ. The iŶoƌgaŶiĐ ĐoŵpleǆatioŶ of 
iƌoŶ iŶ Ŷatuƌal ǁateƌs is ǁell kŶoǁŶ ;HudsoŶ et al., ϭϵϵϮͿ. It is ǁell estaďlished that iƌoŶ is 
ϵϵ% ďouŶd to oƌgaŶiĐ ligaŶds iŶ the oĐeaŶ ;‘ue aŶd BƌulaŶd, ϭϵϵϱ; ǀaŶ deŶ Beƌg, ϭϵϵϱͿ, 
hoǁeǀeƌ, the ĐoŵpositioŶ aŶd souƌĐe of these ligaŶds ƌeŵaiŶ laƌgelǇ uŶkŶoǁŶ ;ligaŶd soupͿ 
;HuŶteƌ aŶd BoǇd, ϮϬϬϳͿ. The iƌoŶ ďiŶdiŶg ligaŶds ŵaǇ ĐoŶsist of speĐifiĐ ĐoŵpouŶds, suĐh 
as sideƌophoƌes pƌoduĐed ďǇ ďaĐteƌia to eŶhaŶĐe theiƌ iƌoŶ aĐƋuisitioŶ, phǇtoĐhelatiŶs 
pƌoduĐed ďǇ oƌgaŶisŵs iŶ ƌespoŶse to toǆiĐ ŵetal eǆposuƌe, aŶd of ďioƌeŵiŶeƌalizatioŶ 
pƌoduĐts like H“ aŶd eǆopolǇŵeƌiĐ suďstaŶĐes ;BoǇd aŶd Ellǁood, ϮϬϭϬ; Hassleƌ et al., ϮϬϭϭ; 
Wells et al., ϮϬϭϯͿ.  
Coŵpetitiǀe ligaŶd eǆĐhaŶge–ĐathodiĐ stƌippiŶg ǀoltaŵŵetƌǇ ;CLE-C“VͿ is ĐoŵŵoŶlǇ 
used foƌ ŵetal ĐoŵpleǆatioŶ studǇ. CLE-C“V ŵeasuƌes the pƌeseŶĐe of Ŷatuƌal ŵetal 
ĐoŵpleǆiŶg ligaŶds ďeĐause of the suppƌessioŶ of the ƌespoŶse of the ŵetal ǁith aŶ added 
ĐoŵpetiŶg ligaŶd ;ALͿ. “eǀeƌal ĐoŵpetiŶg ligaŶds ǁith kŶoǁŶ staďilitǇ ĐoŶstaŶts foƌ Fe suĐh 
as ϭ-Ŷitƌoso-Ϯ- Ŷaphthol ;ϭNϮNͿ ;Gledhill aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰ; ǀaŶ deŶ Beƌg, ϭϵϵϱͿ, 
saliĐǇlaldoǆiŵe ;“AͿ ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰ; ‘ue aŶd BƌulaŶd, ϭϵϵϱͿ, Ϯ-;Ϯ-
thiazolǇlazoͿ-p-Đƌesol ;TACͿ ;Cƌoot aŶd JohaŶssoŶ, ϮϬϬϬͿ aŶd Ϯ,ϯ-dihǇdƌoǆǇŶaphthaleŶe 
;DHNͿ ;ǀaŶ deŶ Beƌg, ϮϬϬϲͿ haǀe ďeeŶ used to deteƌŵiŶe the iƌoŶ speĐiatioŶ.  
Possiďle ligaŶds aƌe sideƌophoƌes, eǆopolǇŵeƌ saĐĐhaƌides, heŵe aŶd poƌphǇƌiŶs   
;Gledhill aŶd BuĐk, ϮϬϭϮ; Hassleƌ et al., ϮϬϭϭ; HuŶteƌ aŶd BoǇd, ϮϬϬϳ; IďisaŶŵi et al., ϮϬϭϭͿ. 
Otheƌ possiďilities aƌe degƌadatioŶ pƌoduĐts ƌeleased duƌiŶg the deĐoŵpositioŶ of oƌgaŶiĐ 
ŵatteƌ, ďaĐteƌial degƌadatioŶ of siŶkiŶg paƌtiĐles, photolǇsis ligaŶd pƌoduĐts of soŵe high-
affiŶitǇ ŵaƌiŶe sideƌophoƌes aŶd ďioƌeŵiŶeƌalizatioŶ pƌoduĐts like huŵiĐ suďstaŶĐes, ǁhiĐh 
haǀe ďeeŶ suggested as ǁeakeƌ ligaŶds ;HuŶteƌ aŶd BoǇd, ϮϬϬϳ; Wells et al., ϮϬϭϯͿ.  
IŶ CLE-C“V the seleĐtioŶ of the aŶalǇtiĐal ǁiŶdoǁ affeĐts the deteĐtioŶ of ĐoŵpleǆatioŶ 
paƌaŵeteƌs ;Kogut aŶd Voelkeƌ, ϮϬϬϭ; ǀaŶ deŶ Beƌg aŶd DoŶat, ϭϵϵϮͿ, ǁheƌe the ǁiŶdoǁ is 
deteƌŵiŶed ďǇ the Đoŵpleǆ staďilitǇ of the ĐoŵpetiŶg ligaŶd aŶd the liŵit of deteĐtioŶ. It has 
ďeeŶ suggested that the ŵetal speĐiatioŶ ĐaŶ ďe iŵpƌoǀed ďǇ ǀaƌǇiŶg the deteĐtioŶ ǁiŶdoǁ 
 ϭϮϮ 
 
;Pižeta et al., ϮϬϭϱͿ. It is estiŵated that Ŷatuƌal oƌgaŶiĐ Đoŵpleǆes aƌe ŵeasuƌed if the -
ĐoeffiĐieŶt of the uŶkŶoǁŶ Đoŵpleǆ ;MLͿ is ǁithiŶ a deĐade of eitheƌ side of the -
ĐoeffiĐieŶt of the ĐoŵpetiŶg ligaŶds ;MALͿ ;IďisaŶŵi et al., ϮϬϭϭ; ǀaŶ deŶ Beƌg et al., ϭϵϵϬͿ. 
The effeĐt of ǀaƌǇiŶg the deteĐtioŶ ǁiŶdoǁ has ďeeŶ studied foƌ Cu speĐiatioŶ iŶ Đoastal ;ǀaŶ 
deŶ Beƌg et al., ϭϵϵϬ; ǀaŶ deŶ Beƌg aŶd DoŶat, ϭϵϵϮͿ aŶd estuaƌiŶe ǁateƌs ;BuĐk aŶd 
BƌulaŶd, ϮϬϬϱ; “aŶdeƌ et al., ϮϬϭϱaͿ aŶd foƌ iƌoŶ iŶ seaǁateƌ ;BuŶdǇ et al., ϮϬϭϰ; IďisaŶŵi et 
al., ϮϬϭϭͿ aŶd estuaƌiŶe-iŶflueŶĐed shelf ƌegioŶ ;BuŶdǇ et al., ϮϬϭϱͿ. “oŵe of this ǁoƌk used 
TAC as ĐoŵpetiŶg ligaŶd foƌ Fe speĐiatioŶ ;IďisaŶŵi et al., ϮϬϭϭͿ aŶd “A ǁas used ďǇ otheƌ 
ǁoƌk ;BuŶdǇ et al., ϮϬϭϰ; BuŶdǇ et al., ϮϬϭϱͿ. 
Otheƌ thaŶ the deteĐtioŶ ǁiŶdoǁ, data aŶalǇsis also has keǇ iŵpoƌtaŶĐe iŶ speĐiatioŶ 
ƌesults. TƌaditioŶallǇ, the ŵethods used foƌ the deteƌŵiŶatioŶ of total ligaŶd ĐoŶĐeŶtƌatioŶ 
aŶd staďilitǇ ĐoŶstaŶts iŶǀolǀe the fittiŶg of titƌatioŶ data usiŶg liŶeaƌizatioŶ ;‘užić, ϭϵϴϮ; ǀaŶ 
deŶ Beƌg, ϭϵϴϮͿ ǁhiĐh is easilǇ iŵpleŵeŶted iŶ spƌead-sheet softǁaƌe, aŶd ŶoŶ-liŶeaƌ data 
fittiŶg ĐaŶ also ďe used ;GeƌƌiŶga et al., ϭϵϵϱͿ ǁhiĐh ŵaǇ haǀe the adǀaŶtage to fit ŵoƌe 
thaŶ oŶe ligaŶd to the data. Neǁ appƌoaĐhes haǀe also ďeeŶ suggested foƌ siŵultaŶeous 
data-fittiŶg of seǀeƌal deteĐtioŶ ǁiŶdoǁs ;HudsoŶ et al., ϮϬϬϯ; “aŶdeƌ et al., ϮϬϭϭͿ aŶd has 
ďeeŶ used foƌ Đoppeƌ aŶd iƌoŶ ;BuŶdǇ et al., ϮϬϭϱͿ.  
EaƌlǇ ǁoƌk ;BoǇle et al., ϭϵϳϳ; “holkoǀitz, ϭϵϳϲ; “holkoǀitz et al., ϭϵϳϴͿ oŶ Fe aĐƌoss 
saliŶitǇ gƌadieŶts iŶ estuaƌiŶe sǇsteŵs desĐƌiďed the sĐaǀeŶgiŶg of Fe ;as iƌoŶ oǆǇhǇdƌoǆidesͿ 
aŶd huŵiĐ suďstaŶĐes ;H“Ϳ due to Đo-pƌeĐipitatioŶ at the ŵiǆiŶg eŶd of fƌeshǁateƌs aŶd 
ďƌaĐkish ǁateƌs, ƌeŵoǀiŶg ŵoƌe thaŶ ϵϬ% of the dFe aŶd loǁeƌiŶg its ĐoŶĐeŶtƌatioŶ fƌoŵ 
Ϭ.ϱ–ϭϬ μŵol/L iŶ fƌeshǁateƌs ;Nagai et al., ϮϬϬϳͿ, to the ϭ–ϮϬ Ŷŵol/L ƌaŶge iŶ Đoastal ǁateƌ 
;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ. The soluďilitǇ of iŶoƌgaŶiĐ iƌoŶ iŶ seaǁateƌ is eǆtƌeŵelǇ 
loǁ ;Ϭ.Ϭϭ Ŷŵol/LͿ due to the foƌŵatioŶ of Fe;OHͿϯ ;Liu aŶd Milleƌo, ϭϵϵϵͿ, ǁhiĐh is aďout 
~ϭϬϬ fold less thaŶ the ĐoŶĐeŶtƌatioŶ of Fe ;Ϭ.ϭ–Ϭ.ϴ Ŷŵol/L iŶ seaǁateƌ ;JohŶsoŶ et al., 
ϭϵϵϳ; Kuŵa et al., ϭϵϵϲ; Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ. The aiŵ of the pƌeseŶt studǇ ǁas 
to ŵeasuƌe the Fe-ďiŶdiŶg ligaŶd paƌaŵeteƌs iŶ MeƌseǇ ‘iǀeƌ estuaƌǇ aŶd Liǀeƌpool BaǇ 
usiŶg MAWs.  
We haǀe tested heƌe the KINETEQL MultiǁiŶdoǁ “olǀeƌ ;KM“Ϳ ;HudsoŶ, ϮϬϭϰͿ, to fit 
the speĐiatioŶ paƌaŵeteƌs of the MAW ĐoŵpleǆoŵetƌiĐ titƌatioŶs as a uŶified dataset to 
ĐalĐulate LT aŶd K´MLi foƌ i disĐƌete ligaŶd Đlasses. We used ƌeĐeŶtlǇ optiŵised pƌoĐeduƌes aŶd 
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staďilitǇ ĐoŶstaŶts foƌ iƌoŶ speĐiatioŶ iŶ estuaƌiŶe ǁateƌs iŶ the pƌeseŶĐe of “A ;Aďualhaija 
aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰ; Aďualhaija et al., ϮϬϭϱͿ.  We Đoŵpaƌe the MAW data aŶalǇsis to 
that oďtaiŶed usiŶg iŶdiǀidual titƌatioŶ usiŶg MCC softǁaƌe ;OŵaŶoǀić et al., ϮϬϭϱͿ ǁhiĐh 
Đoŵpaƌes Đuƌǀe fittiŶg as ǁell as liŶeaƌizatioŶ ŵethods. The ƌesults aƌe Đoŵpaƌed ǁith 
eaƌlieƌ siŶgle ǁiŶdoǁ ƌesults ;Aďualhaija et al., ϮϬϭϱͿ. The souƌĐes aŶd siŶks of Fe-ďiŶdiŶg 
ligaŶd ǁeƌe aŶalǇsed usiŶg a Ϯ-D fluoƌesĐeŶĐe speĐtƌosĐopǇ teĐhŶiƋue.  
  
4.2. Mateƌials aŶd Methods 
4.2.1. SaŵpliŶg site aŶd saŵple ĐolleĐtioŶ 
The MeƌseǇ estuaƌǇ is loĐated iŶ Ŷoƌth-ǁest of EŶglaŶd aŶd eǆteŶds fƌoŵ WaƌƌiŶgtoŶ, 
ǁheƌe it ƌeĐeiǀes fƌeshǁateƌ fƌoŵ the ‘iǀeƌ MeƌseǇ, to Liǀeƌpool BaǇ ;ϰϳ kŵ to the ǁestͿ 
;Fig. ϰ.ϭͿ. The estuaƌǇ is diǀided iŶto fouƌ zoŶes: the uppeƌ estuaƌǇ, the iŶŶeƌ estuaƌǇ, the 
Ŷaƌƌoǁs, aŶd the outeƌ estuaƌǇ. The ŵajoƌitǇ of the fƌeshǁateƌ eŶteƌiŶg the estuaƌǇ is fƌoŵ 
the ƌiǀeƌs MeƌseǇ aŶd Weaǀeƌ, ǁhiĐh dƌaiŶ a ĐatĐhŵeŶt aƌea of appƌoǆiŵatelǇ ϰϲϬϬ kŵϮ. The 
estuaƌǇ has a tidal ƌaŶge of up to ϭϬ ŵ, aŶd the ǀoluŵe of ǁateƌ at high tide ;ϯϱ×ϭϬϳ ŵϯͿ is 
ϱϬ tiŵes thaŶ that at loǁ tide ;Ϭ.ϳ×ϭϬϳ ŵϯͿ, ƌesultiŶg iŶ a pƌoŶouŶĐed ŵaƌiŶe iŶflueŶĐe 
;WilsoŶ et al., ϮϬϬϱͿ. 
 
Altogetheƌ ϲ saŵples ;statioŶ ϭ – statioŶ ϲͿ ǁeƌe ĐolleĐted fƌoŵ the MeƌseǇ estuaƌǇ 
aŶd oŶe saŵple fƌoŵ Liǀeƌpool BaǇ ;Fig. ϰ.ϭͿ duƌiŶg tǁo Đƌuises ǁith the Liǀeƌpool UŶiǀeƌsitǇ 





Figure 4.1. Map of sample locations in the Mersey estuary and Liverpool Bay 
 
The hǇdƌogƌaphiĐ data foƌ all the saŵples is giǀeŶ iŶ Taďle ϰ.ϭ. “aŵples ǁeƌe ĐolleĐted 
fƌoŵ Ŷeaƌ Pieƌhead at saliŶitǇ ϭϴ.ϴϭ toǁaƌds the ŵouth of the estuaƌǇ ǁith saliŶitǇ ϯϬ.ϴϴ. 
The seaǁateƌ eŶd-ŵeŵďeƌ saŵple ǁas ĐolleĐted fƌoŵ Liǀeƌpool BaǇ at outgoiŶg tide aŶd 
had a saliŶitǇ of ϯϮ.Ϯ. The aǀeƌage ǁateƌ teŵpeƌatuƌe ǁas ϭϬ.ϳ ± Ϭ.Ϯϯ °C.  
 
Taďle ϰ.ϭ. HǇdƌogƌaphiĐ data foƌ all the saŵples ĐolleĐted fƌoŵ MeƌseǇ estuaƌǇ aŶd Liǀeƌpool ďaǇ. 
“tatioŶs ϭ-ϲ ǁeƌe saŵpled MaǇ ϮϬϭϯ iŶ the MeƌseǇ estuaƌǇ, aŶd the Liǀeƌpool BaǇ statioŶ ǁas 
saŵpled iŶ Apƌil ϮϬϭϰ. 
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Teŵp. ;°CͿ 
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StatioŶϯ ϮϮ.ϭϴ Ϭϵ:ϰϵ ϱϯ° ϮϮ.ϭϳϭ Ϯ° ϱϳ.ϰϬϮ ϲ.ϱ ϭϬ.ϲϭ 
StatioŶϰ Ϯϲ.Ϯϱ ϭϬ:ϮϬ ϱϯ° Ϯϯ.ϴϮϭ Ϯ° ϱϵ.ϴϰϳ ϴ.Ϭ ϭϬ.ϴϳ 
StatioŶϱ Ϯϴ.ϴϮ ϭϬ:ϱϯ ϱϯ° Ϯϱ.Ϯϭϭ ϯ° Ϭϭ.ϭϯϲ  ϭϯ.ϴ ϭϬ.ϵϵ 
StatioŶϲ ϯϬ.ϴϴ ϭϭ:Ϯϳ ϱϯ° Ϯϲ.ϳϵϮ ϯ° ϬϮ.ϭϬϮ  ϭϴ.Ϯ ϭϬ.ϴϲ 
Liǀeƌpool 
BaǇ 





“aŵple ĐoŶtaiŶeƌs ;ϭ L, loǁ-deŶsitǇ polǇethǇleŶe ;LDPEͿ ďottles ;NalgeŶeͿ ǁeƌe 
ĐleaŶed ďǇ soakiŶg iŶ ϭ % deteƌgeŶt ;CitƌaŶoǆ, FisĐheƌ, UKͿ ;oŶe ǁeekͿ, ƌiŶsed ǁith ŵilli-Q, 
soaked iŶ ϭ M HCl ;tǁo ǁeeksͿ, ǁashed ǁith ŵilli-Q aŶd left filled ǁith Ϭ.ϭ % HCl. ϱ L ĐaƌďoǇs 
ǁeƌe high-deŶsitǇ PE aŶd ǁeƌe ƌiŶsed ǁith Ϭ.ϭ M HCl ;ƌeageŶt gƌade, FisĐheƌ UKͿ aŶd MQ.  
The saŵples foƌ speĐiatioŶ aŶalǇsis at MAWs ǁeƌe ĐolleĐted ďǇ peƌistaltiĐ puŵpiŶg iŶto 
a ϱ L polǇethǇleŶe ĐaƌďoǇ, ǁhiĐh ǁas ƌiŶsed ϯ tiŵes ǁith the saŵe ǁateƌ ďefoƌe filliŶg. The 
suspeŶded ŵatteƌ ǁas alloǁed to settle oǀeƌŶight iŶ the laďoƌatoƌǇ aŶd the supeƌŶataŶt 
ǁateƌ ǁas filteƌed thƌough a Ϭ.Ϯ µŵ filteƌ ;“aƌtoďƌaŶ Đaƌtƌidge, WhatŵaŶͿ usiŶg a ǀaĐuuŵ 
puŵp aŶd stoƌed iŶ LDPE ďottles iŶ the daƌk at ϰ °C uŶtil aŶalǇsis ;BatĐhelli et al., ϮϬϭϬͿ. 
“epaƌate saŵples fƌoŵ suƌfaĐe aŶd suďsuƌfaĐe ;ϭϬϬ ŵLͿ ǁeƌe ĐolleĐted foƌ fluoƌesĐeŶĐe 
aŶalǇsis, DOC aŶd total dissolǀed ŶitƌogeŶ ;TDNͿ ŵeasuƌeŵeŶts. Foƌ fluoƌesĐeŶĐe aŶalǇsis, 
the saŵples ǁeƌe filteƌed thƌough pƌe-Đoŵďusted GF/F filteƌs ;ŶoŵiŶal poƌe size Ϭ.ϳ ŵŵͿ iŶ 
aŶ aĐid ǁashed glass filtƌatioŶ asseŵďlǇ ǁheƌeas saŵples foƌ DOC aŶd TDN ǁeƌe filteƌed 
usiŶg Ϭ.Ϯ µŵ filteƌ. The filtƌates ǁeƌe ǁƌapped iŶ aluŵiŶiuŵ foil, stoƌed iŶ the daƌk at ϰ °C 
aŶd ǁeƌe aŶalǇsed ǁithiŶ ϱ daǇs of saŵples ĐolleĐtioŶ.  
Ouƌ MAW saŵples ǁeƌe ĐolleĐted ĐoŶĐuƌƌeŶtlǇ ǁith suďsets of saŵples ĐolleĐted ďǇ 
;Aďualhaija et al., ϮϬϭϱͿ to iŶǀestigate the ĐoŵpetitioŶ ďetǁeeŶ Đoppeƌ aŶd iƌoŶ foƌ huŵiĐ 
ligaŶds iŶ estuaƌiŶe ǁateƌs. The authoƌ peƌfoƌŵed the speĐiatioŶ aŶalǇsis usiŶg a siŶgle 
ǁiŶdoǁ ;ϱ µM “AͿ. 
 
4.2.2. ReageŶts 
All saŵple ŵaŶipulatioŶ ǁas doŶe iŶ a Class ϭϬϬ laŵiŶaƌ aiƌfloǁ ďeŶĐh at ƌooŵ 
teŵpeƌatuƌe. Milli-Q ;Millipoƌe U.KͿ of ϭϴ.Ϯ MΩ. Đŵ ƌesistiǀitǇ ǁas used to pƌepaƌe ƌeageŶts 
aŶd dilutioŶs. IƌoŶ solutioŶs of diffeƌeŶt ĐoŶĐeŶtƌatioŶ ǁeƌe pƌepaƌed ďǇ dilutiŶg ϭϬϬϬ ppŵ 
atoŵiĐ aďsoƌptioŶ staŶdaƌd solutioŶs ;BDH, UKͿ aŶd aĐidified to pH Ϯ ǁith HCl. HCl ;TƌaĐe 
aŶalǇsis gƌadeͿ aŶd aŵŵoŶia ;eleĐtƌoŶiĐ MO“ gƌadeͿ ǁeƌe puƌĐhased fƌoŵ Fisheƌ “ĐieŶtifiĐ 
aŶd ǁeƌe used to adjust the pH. A stoĐk solutioŶ of Ϭ.ϭ M saliĐǇlaldoǆiŵe ;“AͿ ǁas pƌepaƌed 
ďǇ dissolǀiŶg “A iŶ Ϭ.ϭ M HCl. The “A ǁas ϵϴ% puƌitǇ fƌoŵ AĐƌos oƌgaŶiĐs, Fisheƌ “ĐieŶtifiĐ. 
The pH ďuffeƌ ĐoŶtaiŶed ϭ M ďoƌiĐ aĐid aŶd ~Ϭ.ϯ M aŵŵoŶia iŶ Milli-Q aŶd gaǀe pH ϴ.ϭϱ 
ǁheŶ added to seaǁateƌ. “uǁaŶŶee ƌiǀeƌ HA ;“taŶdaƌd II Ϯ“ϭϬϭHͿ staŶdaƌd ǁas fƌoŵ the 
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IŶteƌŶatioŶal HuŵiĐ “uďstaŶĐes “oĐietǇ ;IH““Ϳ aŶd used foƌ ĐaliďƌatioŶ. The stoĐk solutioŶ 
ĐoŶtaiŶed Ϭ.ϭ g H“ /L iŶ MQ ǁateƌ aŶd ǁas stoƌed iŶ the daƌk at ϰ °C. pH ŵeasuƌeŵeŶts 
ǁeƌe doŶe usiŶg a Metƌohŵ ŵodel ϳϭϯ pH Meteƌ, aŶd ǁeƌe Đaliďƌated agaiŶst NB“ pH 
ďuffeƌs ϰ, ϳ aŶd ϵ. 
 
4.2.3. VoltaŵŵetƌiĐ eƋuipŵeŶt 
VoltaŵŵetƌiĐ appaƌatus ĐoŶsisted of a Metƌohŵ ϲϲϯ VA “taŶd ĐoŶŶeĐted to a 
µAutolaď poteŶtiostat, ǁhiĐh ǁas Đoŵputeƌ-ĐoŶtƌolled usiŶg the GPE“ ϰ.ϵ softǁaƌe. A 
haŶgiŶg ŵeƌĐuƌǇ dƌop eleĐtƌode ;HMDEͿ ǁas used as ǁoƌkiŶg eleĐtƌode; the ƌefeƌeŶĐe 
eleĐtƌode ǁas AgAgCl ϯM KCl, ǁhile a glassǇ ĐaƌďoŶ ƌod ǁas the auǆiliaƌǇ eleĐtƌode. The 
appaƌatus ǁas pƌessuƌised usiŶg Đoŵpƌessed aiƌ at ϭ ďaƌ; the ŵeƌĐuƌǇ ǁas filteƌed 
appƌoǆiŵatelǇ eǀeƌǇ Ϯ ŵoŶths to ƌeŵoǀe Hg-oǆides. VoltaŵŵetƌiĐ ŵeasuƌeŵeŶts ǁeƌe 
ŵade usiŶg the diffeƌeŶtial-pulse ŵode. EaĐh saŵple ǁas sĐaŶŶed ϯ tiŵes, aŶd aŶ aǀeƌage 
ǀalue ǁas takeŶ as a peak height.  
 
4.2.4. DeteƌŵiŶatioŶ of dissolǀed iƌoŶ ;dFeͿ  
“aŵples ǁeƌe aĐidified aŶd UV-digested to ƌeŵoǀe iŶteƌfeƌiŶg suƌfaĐtaŶts aŶd 
ĐoŵpleǆiŶg ligaŶds pƌioƌ of ŵeasuƌiŶg the dFe ĐoŶĐeŶtƌatioŶ: UV-digestioŶ ǁas ϭ h usiŶg 
hoŵe-ďuilt appaƌatus ǁith a ϭϮϱ-W high pƌessuƌe ŵeƌĐuƌǇ ǀapouƌ laŵp iŶ PTFE-Đapped 
Ƌuaƌtz tuďes ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. AŶ aliƋuot of ϭϬ ŵl ǁas pipetted iŶ a PTFE 
ǀoltaŵŵetƌiĐ Đup, aŶd the pH ǁas Ŷeutƌalised usiŶg aŵŵoŶia aŶd pH ďuffeƌ. The dFe 
ĐoŶĐeŶtƌatioŶ ǁas ŵeasuƌed ďǇ ĐathodiĐ-stƌippiŶg ǀoltaŵŵetƌǇ ;C“VͿ usiŶg ϱ µM “A aŶd 
Ϭ.Ϭϭ M ďoƌate ďuffeƌ ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. The ǁateƌ ǁas aiƌ-puƌged ;Ϯ ŵiŶ.Ϳ 
pƌioƌ to aŶalǇsis to eŶsuƌe satuƌatioŶ ǁith aiƌ-OϮ to ŵaǆiŵise the seŶsitiǀitǇ ;Aďualhaija aŶd 
ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. The softǁaƌe ǁas adapted to disĐaƌd tǁo ;as opposed to ϰͿ ŵeƌĐuƌǇ 
dƌops pƌioƌ to usiŶg the thiƌd ŵeƌĐuƌǇ dƌop. 
 
4.2.5. dFe speĐiatioŶ aŶalǇsis 
Fe-speĐiatioŶ ǁas doŶe ďǇ CLE-C“V iŶ the pƌeseŶĐe of “A as a ĐoŵpetiŶg ligaŶd ;BuĐk 
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et al., ϮϬϬϳ; ‘ue aŶd BƌulaŶd, ϭϵϵϱͿ usiŶg the ƌeĐaliďƌated ŵethod iŶ the pƌeseŶĐe of aiƌ aŶd 
oǀeƌŶight eƋuiliďƌatioŶ ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. ϮϬϬ ŵL of the saŵple ǁeƌe pƌe-
ŵiǆed ǁith ďuffeƌ ;Ϯ ŵl ϭ M ďoƌate ďuffeƌͿ aŶd “A ;fiŶal ĐoŶĐeŶtƌatioŶ ďetǁeeŶ ϱ aŶd ϱϬ 
µMͿ iŶ a ϮϱϬ-ŵl TefloŶ ďottle. Fe ǁas added to Đapped polǇethǇleŶe ǀials ;“teƌiliŶͿ iŶ ϭϮ 
steps; the Ϭ-added Fe aliƋuot ǁas iŶ tƌipliĐate. ϭϬ-ŵL aliƋuots of seaǁateƌ ǁeƌe pipetted iŶto 
these ǀials aŶd alloǁed to eƋuiliďƌate oǀeƌŶight ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. The 
deteĐtioŶ ǁiŶdoǁ ǁas ǀaƌied iŶ sepaƌate titƌatioŶs ďǇ usiŶg [“A] of ϱ, ϭϬ, ϭϱ, Ϯϱ aŶd ϱϬ µM 
;Wϭ - WϱͿ. The ǀials ǁeƌe ĐoŶditioŶed ϯ tiŵes to the ƌaŶge of Fe ĐoŶĐeŶtƌatioŶs used aŶd 
saŵple saliŶitǇ. The ǀials ǁeƌe used ĐoŶsisteŶtlǇ iŶ the saŵe seƋueŶĐe aŶd ǁeƌe Ŷot ƌiŶsed 
ďetǁeeŶ ƌepeated titƌatioŶs foƌ the saŵe saŵple. Fe staŶdaƌd additioŶs ǁeƌe the saŵe foƌ 
eaĐh saŵple aĐƌoss all ǁiŶdoǁs. The ǀials ǁeƌe MQ-ƌiŶsed ďetǁeeŶ saŵples. ‘epƌoduĐiďilitǇ 
of ƌepeated titƌatioŶs, aŶd ƌegulaƌ iŶĐƌeases iŶ the ƌespoŶse ;sŵooth titƌatioŶsͿ, iŶdiĐated 
that ĐoŶditioŶiŶg ǁas Đoŵplete. ‘atheƌ thaŶ dilutiŶg the saŵples ǁhiĐh Đould possiďlǇ 
ĐhaŶge the speĐiatioŶ, a shoƌteƌ depositioŶ tiŵe ;ϯϬ to ϲϬ seĐ.Ϳ ǁas used to staǇ ǁithiŶ the 
liŶeaƌ ƌaŶge foƌ loǁ saliŶitǇ saŵples ;fƌoŵ statioŶs ϭ - ϰͿ, as those statioŶs had high 
ĐoŶĐeŶtƌatioŶ of dFe. All titƌatioŶs foƌ a paƌtiĐulaƌ saŵple ǁeƌe ŵeasuƌed at the saŵe 
depositioŶ tiŵe, eǆĐept foƌ oŶe titƌatioŶ ;saŵple fƌoŵ statioŶ ϲ, ϱ µM “AͿ ǁhiĐh ǁas 
ŵeasuƌed at a loǁeƌ depositioŶ tiŵe. IŶ oƌdeƌ to use the data foƌ siŵultaŶeous aŶalǇsis of all 
aŶalǇtiĐal ǁiŶdoǁs, the titƌatioŶ data ;statioŶ ϲ, ϱ µM “AͿ ǁas ĐoƌƌeĐted usiŶg the ƌatio 
oďtaiŶed fƌoŵ the ŵodelled data ;ŵodel is disĐussed iŶ ƌesult aŶd disĐussioŶ seĐtioŶͿ. The 
deteĐtioŶ liŵit of the ǀoltaŵŵeteƌ ǁas takeŶ as Ϭ.Ϭϭ ŶA. 
 
4.2.6. CalĐulatioŶ of Fe´SA at ǀaƌǇiŶg ĐoŶĐeŶtƌatioŶs of SA 
The ĐoŶditioŶal staďilitǇ ĐoŶstaŶts foƌ ĐoŵpleǆatioŶ of Fe´ ǁith “A ǀaƌǇ as folloǁs ǁith 
saliŶitǇ ;Aďualhaija et al., ϮϬϭϱͿ. 
K´Fe ́“A= ;-Ϯ.ϵϴ±Ϭ.ϭϴͿ ǆ ϭϬϰ × “al + ;ϰ.ϲϬ±Ϭ.ϬϰͿ ǆ ϭϬϲ ;ϭͿ  
Log B´Fe ́“AϮ= ;-ϭ.ϰϭ±Ϭ.ϬϲͿ × Log “al + ;ϭϮ.ϴϱ±Ϭ.ϬϳͿ ;ϮͿ  
Values foƌ the ĐoŶstaŶts ǁeƌe ĐalĐulated foƌ all the saŵples ĐolleĐted at diffeƌeŶt 
saliŶities aŶd used to ĐalĐulate a ǀalue foƌ Fe´“A fƌoŵ: 
Fe´“A = K´Fe´“A [“A] + B´Fe´“AϮ [“A]Ϯ ;ϯͿ 
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Values foƌ log Fe´, the iŶoƌgaŶiĐ -ĐoeffiĐieŶt of Fe iŶ seaǁateƌ, ǁeƌe ĐalĐulated foƌ 
eaĐh saliŶitǇ at pHNB“ ϴ.ϭϱ. These ǁeƌe ďetǁeeŶ ϭϬ.ϯ, at the loǁest saliŶitǇ, aŶd ϭϬ.Ϭ at the 
highest saliŶitǇ. 
 
4.2.7. Data pƌoĐessiŶg of the ligaŶd titƌatioŶs 
4.2.7.1. Data pƌoĐessiŶg of iŶdiǀidual titƌatioŶs 
The seŶsitiǀitǇ ;“Ϳ ;ŶA /ŶM of FeͿ of eaĐh ĐoŵpleǆiŶg ligaŶd titƌatioŶ ǁas estiŵated 
fƌoŵ the slope of the C“V ƌespoŶse at the highest thƌee Fe additioŶs. The data fittiŶg foƌ 
iŶdiǀidual titƌatioŶ ǁas peƌfoƌŵed usiŶg liŶeaƌizatioŶ aŶd Đuƌǀe-fittiŶg of the MCC softǁaƌe 
;OŵaŶoǀić et al., ϮϬϭϱͿ foƌ oŶe oƌ tǁo ligaŶd ŵodel. 
 
4.2.7.2. SiŵultaŶeous aŶalǇsis of MAW data 
 The seŶsitiǀitǇ of eaĐh iŶdiǀidual ĐoŵpleǆiŶg ligaŶd titƌatioŶ ǁas deteƌŵiŶed ďǇ 
iŶteƌŶal ĐaliďƌatioŶ. As foƌ eaĐh saŵple, titƌatioŶs ǁeƌe peƌfoƌŵed ďǇ applǇiŶg fiǀe diffeƌeŶt 
aŶalǇtiĐal ǁiŶdoǁs i.e. ϱ, ϭϬ, ϭϱ, Ϯϱ aŶd ϱϬ µM “A ;Wϭ - WϱͿ, thus, fiǀe diffeƌeŶt seŶsitiǀities 
ǁeƌe oďtaiŶed fƌoŵ applied aŶalǇtiĐal ǁiŶdoǁs to eaĐh saŵple ;Taďle ϰ.ϮͿ. The aŶalǇtiĐal 
ǁiŶdoǁ Ǉielded the highest seŶsitiǀitǇ ;“ŵaǆͿ ǁas used to set the ‘AL ;HudsoŶ et al., ϮϬϬϯͿ 
;‘AL = ƌatio of seŶsitiǀitǇ at a giǀeŶ aŶalǇtiĐal ǁiŶdoǁ to the highest seŶsitiǀitǇ ;“ŵaǆͿͿ. Foƌ 
ǁiŶdoǁs ǁith loǁeƌ seŶsitiǀities, the seŶsitiǀities ǁeƌe Ŷoƌŵalized ;‘ALͿ to the ŵaǆiŵuŵ 
seŶsitiǀitǇ usiŶg eǆpeƌiŵeŶtallǇ deteƌŵiŶed ǀalues foƌ eaĐh seŶsitiǀitǇ. Foƌ eǆaŵple, foƌ the 
saŵple ĐolleĐted fƌoŵ statioŶ ϭ, the oďtaiŶed seŶsitiǀities foƌ fiǀe diffeƌeŶt aŶalǇtiĐal 
ǁiŶdoǁs ǁeƌe ϭ.Ϯϵ, ϭ.ϭϲ, ϭ.ϭϰ, ϭ.ϭϮ aŶd Ϭ.ϱϭ ;Taďle ϰ.ϮͿ. The highest seŶsitiǀitǇ ;“ŵaǆ = ϭ.ϮϵͿ 
oďtaiŶed fƌoŵ ϱ µM “A ǁiŶdoǁ, thus, ďeiŶg the highest, ;“ŵaǆ = ϭ.ϮϵͿ ǁas used to set the ‘AL 
foƌ this ǁiŶdoǁ as ϭ aŶd the ‘AL ǀalues ;‘AL = “/ “ŵaǆͿ otheƌ applied aŶalǇtiĐal ǁiŶdoǁs to the 
saŵe saŵples ǁeƌe ĐalĐulated as Ϭ.ϵ, Ϭ.ϴϴ, Ϭ.ϴϳ aŶd Ϭ.ϰ.  
Afteƌ fiǆiŶg the ‘AL, KM“ speĐiatioŶ ŵodel ;HudsoŶ, ϮϬϭϰͿ ǁas used foƌ the 
siŵultaŶeous aŶalǇsis of all the data oďtaiŶed ďǇ applǇiŶg MAWs to the saŵe saŵple. IŶ 
KM“ ŵodel, a tǁo-step optiŵizatioŶ seƋueŶĐe ǁas utilized to ƌuŶ the MAW data sets. The 
fiƌst step to ƌuŶ the ŵodel ďǇ giǀeŶ iŶputs ǁhiĐh iŶĐlude the oďseƌǀed ĐuƌƌeŶt ;IpͿ, total 
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[dFe], added [“A], ĐoŶditioŶal staďilitǇ ĐoŶstaŶt of dFe ǁith “A ;K´Fe“A aŶd K´Fe“AϮͿ, αFe´, “ŵaǆ as 
aŶ iŶitial seŶsitiǀitǇ aŶd the ‘AL ǀalues ĐalĐulated foƌ all the ǁiŶdoǁs. Besides that, iŶitial 
guesses ǁeƌe also giǀeŶ foƌ the paƌaŵeteƌs to ďe deteƌŵiŶed ;K´FeLi , [LiT] aŶd “fittedͿ. Afteƌ 
ƌuŶŶiŶg the fiƌst step, iŶ seĐoŶd step, the ǀalues of the fitted paƌaŵeteƌs ;K´FeLi , [LiT] aŶd 
“fittedͿ ǁeƌe optiŵised ďǇ ƌepeatedlǇ ƌuŶŶiŶg the data-fittiŶg pƌogƌaŵ. The optiŵisatioŶ ǁas 
iteƌated ǁith diffeƌeŶt iŶitial guess ǀalues to ŵiŶiŵise the ƌoot-ŵeaŶ-sƋuaƌe eƌƌoƌ ;‘M“EͿ 
ďetǁeeŶ the oďseƌǀed ĐuƌƌeŶt ;IpͿ aŶd the ĐalĐulated ĐuƌƌeŶt ;IpĐalĐͿ usiŶg the “olǀeƌ 
fuŶĐtioŶ. 
 
4.2.8. DeteƌŵiŶatioŶ of huŵiĐ suďstaŶĐes ;HSͿ aŶd oƌgaŶiĐ ŵatteƌ 
The ĐoŶĐeŶtƌatioŶ of Fe-ďiŶdiŶg huŵiĐs ǁas deteƌŵiŶed ďǇ C“V ŵethod ;Lagleƌa et al., 
ϮϬϬϳͿ at pHNB“ ϴ.ϭϱ iŶ the pƌeseŶĐe of ďƌoŵate, aŶd Đaliďƌated oŶ the ŵg /L sĐale agaiŶst 
“uǁaŶŶee ‘iǀeƌ HA. Fe ǁas added ;ϱϬ ŶMͿ to satuƌate all the fƌee H“ to ŵaǆiŵise the 
seŶsitiǀitǇ. 
To tƌaĐk the souƌĐes aŶd ƋualitǇ of dissolǀed oƌgaŶiĐ ŵatteƌ ;DOMͿ, fluoƌesĐeŶĐe 
iŶdiĐes ǁeƌe ĐalĐulated foƌ all the suƌfaĐe aŶd suďsuƌfaĐe saŵples usiŶg a Hoƌiďa ;JoďiŶ 
YǀoŶͿ speĐtƌofluoƌiŵeteƌ FluoƌoMaǆ-ϰ ǁith a ϭ Đŵ path-leŶgth Ƌuaƌtz Đuǀette. The MQ ďlaŶk 
ǁas suďtƌaĐted fƌoŵ all the sĐaŶs. Thƌee fluoƌesĐeŶĐe iŶdiĐes ǁeƌe deteƌŵiŶed as folloǁs: 
the fluoƌesĐeŶĐe iŶdeǆ ;FIͿ ;JohŶsoŶ et al., ϮϬϭϭ; MĐKŶight et al., ϮϬϬϭͿ, the huŵidifiĐatioŶ 
iŶdeǆ ;HIXͿ ;)solŶaǇ et al., ϭϵϵϵͿ aŶd the iŶdeǆ foƌ fƌeshlǇ pƌoduĐed autoĐhthoŶous DOM oƌ 
ďiologiĐal iŶdeǆ ;BIXͿ ;Huguet et al., ϮϬϬϵͿ.   
FI IŶdiĐes ǁeƌe ĐalĐulated usiŶg folloǁiŶg ƌelatioŶships: �ܫ = ܫܿ݋ݎݎ݁ܿݐ݁݀ ሺ͵͹Ͳ ∶ ͶͷͲሻܫܿ݋ݎݎ݁ܿݐ݁݀ ሺ͵͹Ͳ ∶ ͷͲͲሻ 
ǁheƌe FI is the ƌatio of ĐoƌƌeĐted fluoƌesĐeŶĐe iŶteŶsities at ϯϳϬ:ϰϱϬ aŶd ϯϳϬ:ϱϬϬ ;eǆĐitatioŶ: 
eŵissioŶ ǁaǀeleŶgths iŶ ŶŵͿ. The FI iŶdeǆ seƌǀes as a pƌoǆǇ foƌ the ƌelatiǀe aŵouŶt of DOM 
deƌiǀed fƌoŵ eǆ situ as ǁell iŶ situ souƌĐes ;MĐKŶight et al., ϮϬϬϭͿ. Values of ϭ.ϰ oƌ less aƌe 
tǇpiĐal foƌ isolated huŵiĐ suďstaŶĐes oƌ saŵples ǁith doŵiŶaŶtlǇ teƌƌestƌial oƌigiŶ, ǁith 
gƌeateƌ DOM aƌoŵatiĐitǇ, ǁhile ǀalues of ϭ.ϵ oƌ higheƌ aƌe deŵoŶstƌatiǀe of ŵiĐƌoďial 
souƌĐes aŶd loǁeƌ aƌoŵatiĐ ĐaƌďoŶ ĐoŶteŶt ;JohŶsoŶ et al., ϮϬϭϭ; MĐKŶight et al., ϮϬϬϭͿ. 
 ϭϯϬ 
 
The eŵissioŶ-ďased ďiologiĐal iŶdeǆ ;BIXͿ ǁas deteƌŵiŶed at aŶ eǆĐitatioŶ ǁaǀeleŶgth 
of ϯϭϬ Ŷŵ. This iŶdeǆ is used to assess the ƌelatiǀe ĐoŶtƌiďutioŶ of ŵiĐƌoďiallǇ-deƌiǀed DOM 
iŶ ǁateƌ saŵples ;Huguet et al., ϮϬϬϵͿ. Values > ϭ ĐoƌƌespoŶd to fƌeshlǇ pƌoduĐed DOM of 
ďiologiĐal oƌ ŵiĐƌoďial oƌigiŶ, ǁheƌeas ǀalues of Ϭ.ϲ aŶd loǁeƌ ǁill ĐoŶtaiŶ little ďiologiĐal 
ŵateƌial ;Huguet et al., ϮϬϬϵ; Jaffé et al., ϮϬϬϰͿ.  �ܫ� = ܫܿ݋ݎݎ݁ܿݐ݁݀ ሺ͵ͳͲ ∶ ͵ͺͲሻܫܿ݋ݎݎ݁ܿݐ݁݀ ሺ͵ͳͲ ∶ Ͷ͵Ͳሻ 
ǁheƌe IĐoƌƌeĐted is the ĐoƌƌeĐted fluoƌesĐeŶĐe iŶteŶsitǇ at ϯϭϬ:ϯϴϬ aŶd ϯϭϬ:ϰϯϬ ;eǆĐitatioŶ: 
eŵissioŶ ǁaǀeleŶgths iŶ ŶŵͿ. 
 AŶotheƌ eŵissioŶ-ďased iŶdeǆ, the huŵidifiĐatioŶ iŶdeǆ ;HIXͿ ǁas ĐalĐulated fƌoŵ the 
ƌatio of tǁo iŶtegƌated seĐtioŶs of aŶ eŵissioŶ sĐaŶ at aŶ eǆĐitatioŶ ǁaǀeleŶgth of Ϯϱϱ Ŷŵ: ܪܫ� =  �ݑ݉ ݋݂ ܫ݊ݐ݁݊ݏ�ݐ�݁ݏ ሺͶ͵Ͳ − ͶͺͲሻ�ݑ݉ ݋݂ ܫ݊ݐ݁݊ݏ�ݐ�݁ݏ ሺ͵ͲͲ − ͵ͶͲሻ 
HuŵifiĐatioŶ of DOM alteƌs the stƌuĐtuƌe of the ŵoleĐules of oƌgaŶiĐ ŵatteƌ, ǁhiĐh 
leads to aŶ iŶĐƌease iŶ the DOM aƌoŵatiĐitǇ thus ƌeduĐiŶg its aǀailaďilitǇ foƌ ŵiĐƌoďial 
utilizatioŶ. Loǁ HIX ǀalues ;<ϭϬͿ ĐoƌƌespoŶd to ƌelatiǀelǇ ŶoŶ-huŵified DOM deƌiǀed fƌoŵ 
ďioŵass ;BaŶaitis et al., ϮϬϬϲ; OhŶo et al., ϮϬϬϳͿ. HuŵiĐ suďstaŶĐes isolated fƌoŵ soils, 
suƌfaĐe ǁateƌs aŶd Đoal shoǁ ƌaŶges of HIX ǀalues of ϭϬ - ϯϬ, ϮϬ - ϱϬ aŶd >ϱϬ, ƌespeĐtiǀelǇ 
;Biƌdǁell aŶd EŶgel, ϮϬϭϬͿ. HIX has diƌeĐt ĐoƌƌelatioŶ ǁith DOM aƌoŵatiĐitǇ aŶd iŶǀeƌse 
ĐoƌƌelatioŶ ǁith ĐaƌďohǇdƌate ĐoŶteŶt ;Kalďitz et al., ϮϬϬϯͿ. Liteƌatuƌe ǀalues ǁith FI ƌaŶge 
;ϭ.Ϯ - ϭ.ϲͿ aloŶg ǁith HIX ƌaŶge ;ϱ - ϮϬͿ aŶd BIX ;Ϭ.ϱϴ - ϭ.ϮϮͿ is tǇpiĐal foƌ oƌgaŶiĐ ŵatteƌ 
ƌeleased fƌoŵ sediŵeŶt ;Biƌdǁell aŶd EŶgel, ϮϬϭϬͿ. Loǁ ǀalues of HIX aŶd high ǀalues of BIX 
aŶd FI iŶ ǁateƌ ƌepƌeseŶt fluoƌesĐeŶĐe that is ǁateƌ soluďle, eǆtƌaĐellulaƌ suďstaŶĐes 
eǆĐƌeted ďǇ ŵiĐƌooƌgaŶisŵs, detƌitus ƌesultiŶg fƌoŵ Đell death, aŶd aƋuatiĐ oƌgaŶiĐ ŵatteƌ 
less huŵified thaŶ suƌfaĐe ǁateƌ oƌgaŶiĐs, possiďlǇ due to a laĐk of eǆposuƌe to solaƌ 
ƌadiatioŶ ;“tedŵoŶ aŶd Maƌkageƌ, ϮϬϬϱͿ. 
To ŵeasuƌe DOC aŶd TDN, aliƋuots of Ϭ.Ϯ μŵ filteƌed saŵples ǁeƌe aĐidified to pH Ϯ 
aŶd ĐoŶĐeŶtƌatioŶs ǁeƌe ŵeasuƌed ďǇ high teŵpeƌatuƌe ĐatalǇtiĐ ĐoŵďustioŶ usiŶg a 
“hiŵadzu TOC-VCPH/CPN Total OƌgaŶiĐ CaƌďoŶ AŶalǇseƌ eƋuipped ǁith aŶ A“I-V 
autosaŵpleƌ aŶd a TNM-ϭ ŵodule. Pƌioƌ to aŶalǇsis, the aĐidified saŵples ǁeƌe puƌged ǁith 
sǇŶthetiĐ aiƌ to ƌeŵoǀe dissolǀed iŶoƌgaŶiĐ ĐaƌďoŶ. L-aƌgiŶiŶe solutioŶs ƌaŶgiŶg fƌoŵ ϱ to 
 ϭϯϭ 
 
ϱϬϬ μŵol C/L aŶd ϲ.ϲ to ϯϯϯ.ϯ μŵol N/L, ƌespeĐtiǀelǇ, ǁeƌe used foƌ ĐaliďƌatioŶ aŶd deep 
AtlaŶtiĐ seaǁateƌ ƌefeƌeŶĐe ŵateƌial ;D“‘, D.A. HaŶsell, aŶd UŶiǀeƌsitǇ of Miaŵi, Floƌida, 
U“AͿ ǁas ŵeasuƌed duƌiŶg eaĐh ƌuŶ to eŶsuƌe the iŶstƌuŵeŶtal pƌeĐisioŶ aŶd aĐĐuƌaĐǇ.  
 
 
4.3. Results aŶd disĐussioŶs 
4.3.1. IŶǀestigatiŶg the effeĐt of iŶĐƌeasiŶg deteĐtioŶ ǁiŶdoǁ oŶto titƌatioŶs thƌough 
ŵodelliŶg 
We haǀe ŵodelled titƌatioŶs of seaǁateƌ ǁith iƌoŶ at ǀaƌious deteĐtioŶ ǁiŶdoǁs. The 
ligaŶd ĐoŶĐeŶtƌatioŶ iŶ the ǁateƌ ǁas set to ϱϬ ŶM aŶd log K´Fe´L to ϭϭ.ϲ, ǁhiĐh is ƌealistiĐ foƌ 
estuaƌiŶe ǁateƌs, aŶd ǁe used ƌeĐeŶtlǇ Đaliďƌated ĐoŶstaŶts foƌ Fe“A aŶd Fe“AϮ ;Aďualhaija 
et al., ϮϬϭϱͿ. The ƌesults of ŵodelliŶg data aƌe pƌeseŶted iŶ Fig. ϰ.Ϯ ǁhiĐh shoǁs that the 
deteĐtioŶ ǁiŶdoǁ at ϱ µM “A has the gƌeatest ǁheƌeas ϱϬ µM “A ǁiŶdoǁ has the loǁest 
seŶsitiǀitǇ. The ŵodelled data also shoǁs ;Fig. ϰ.ϮͿ that ǁhilst the deteĐtioŶ ǁiŶdoǁ at ϱ µM 
“A has the gƌeatest seŶsitiǀitǇ ;steepest iŶĐƌease iŶ the peak height ǁheŶ the iƌoŶ 
ĐoŶĐeŶtƌatioŶ is gƌeateƌ thaŶ the ligaŶd ĐoŶĐeŶtƌatioŶͿ, the ƌelatiǀe peak heights aƌe 
ƌeǀeƌsed foƌ loǁeƌ iƌoŶ ĐoŶĐeŶtƌatioŶs: the peak height is loǁest at ϱ µM “A aŶd gƌeatest at 
ϱϬ µM “A ǁheŶ [Fe] < ϱϬ ŶM. At loǁ Fe ĐoŶĐeŶtƌatioŶs ;[Fe] < LTͿ, aŶd at high ;“AͿ, 
dissoĐiatioŶ of FeL ĐoŵpeŶsates foƌ the deĐƌeased seŶsitiǀitǇ ;iŶseƌt ď, Fig. ϰ.ϮͿ. The ŵodel 
shoǁs that titƌatioŶs at ϱ µM “A shoǁ the iŶfleĐtioŶ poiŶt at ligaŶd satuƌatioŶ ŵoƌe ĐleaƌlǇ 
thaŶ at higheƌ [“A], ǁhiĐh should iŵpƌoǀe the ƋuaŶtifiĐatioŶ of L; oŶ the otheƌ haŶd, a 
higheƌ peak height at higheƌ [“A] ǁheŶ [Fe] < L Đould iŵpƌoǀe the ƋuaŶtifiĐatioŶ of the 




Figure 4.2. Modelled titrations at varying detection windows. a) The -coefficient for FeSA was varied by 
increasing [SA] from 5 to 50 µM SA. Highest sensitivity is obtained at highest [SA] (50 µM SA) when Fe < L 
ǁheƌeas at Fe ≥ L, the highest seŶsitiǀitǇ ǁas oďtaiŶed at lowest window (5 µM SA); b) the zoomed portion of 
modelled titrations when Fe < 50 nM. 
 
 
4.3.2. CoŵpleǆiŶg ligaŶd deteƌŵiŶatioŶ iŶ estuaƌiŶe ǁateƌ at ǀaƌious deteĐtioŶ  
             WiŶdoǁs 
The ĐoŵpleǆiŶg ligaŶd ĐoŶĐeŶtƌatioŶ iŶ eaĐh saŵple ǁas deteƌŵiŶed ďǇ titƌatioŶs at ϱ 
deteĐtioŶ ǁiŶdoǁs defiŶed ďǇ settiŶg the ĐoŶĐeŶtƌatioŶ of the ĐoŵpetiŶg ligaŶd ;“AͿ at ϱ, 
ϭϬ, ϭϱ, Ϯϱ aŶd ϱϬ µM. The Đoŵplete dataset foƌ eaĐh saŵple ĐoŶsisted of fiǀe titƌatioŶ 
Đuƌǀes, eǆĐept the Liǀeƌpool ďaǇ saŵple, ǁhiĐh ǁas titƌated at tǁo deteĐtioŶ ǁiŶdoǁs ;ϱ aŶd 
ϭϱ µM “AͿ. The -ĐoeffiĐieŶt foƌ Fe ĐoŵpleǆatioŶ ǁith “A at eaĐh ĐoŶĐeŶtƌatioŶ of “A aŶd 
saliŶitǇ aƌe suŵŵaƌised iŶ Taďle ϰ.Ϯ. The -ĐoeffiĐieŶt ǀaƌied ďǇ a faĐtoƌ of ~Ϯϭ at a saliŶitǇ 








Taďle ϰ.Ϯ. Fe-speĐiatioŶ paƌaŵeteƌs oďtaiŶed fƌoŵ iŶdiǀidual aŶalǇtiĐal ǁiŶdoǁ applied to eaĐh 




WiŶdoǁ ;αFe’SAͿ logK´Fe´L [LT] Slope [Fe´] 
StatioŶ ϭ* 
  
ϱ µM “A Ϯϯ.Ϭ ϭϭ.ϳϱ±Ϭ.ϭϱ ϭϭϯ±ϳ.ϭ ϭ.Ϯϵ ϱ.ϭϲE-Ϯϭ 
ϭϬ µM “A ϱϮ.ϴ ϭϮ.ϬϮ±Ϭ.ϭϲ ϭϭϵ±ϴ.ϴ ϭ.ϭϲ Ϯ.ϮϯE-Ϯϭ 
ϭϱ µM “A ϴϲ.ϭ ϭϮ.ϰϲ±Ϭ.ϭϱ ϵϵ.ϭ±Ϯ.ϵ ϭ.ϭϰ ϭ.ϳϵE-Ϯϭ 
Ϯϱ µM “A ϭϳϭ.ϴ ϭϮ.ϱϬ±Ϭ.ϭϮ ϭϭϱ±ϱ.Ϭ ϭ.ϭϮ ϴ.ϰE-ϮϮ 
ϱϬ µM “A ϰϴϱ.ϭ ϭϭ.ϲϬ±Ϭ.ϭϳ ϭϯϴ±ϭϱ.Ϭ Ϭ.ϱϭ ϰ.ϬϳE-Ϯϭ 
Aǀeƌage   ϭϮ.ϭ±Ϭ.ϰ ϭϭϳ±ϭϰ     
StatioŶ Ϯ* 
  
ϱ µM “A ϮϮ.ϲ ϭϭ.ϱϮ±Ϭ.Ϭϵ ϴϰ.ϭ±ϯ.ϵ Ϭ.ϵϳ ϲ.ϬϴE-ϮϮ 
ϭϬ µM “A ϱϬ.ϱ ϭϭ.ϱϳ±Ϭ.Ϭϵ ϵϱ.ϭ±ϱ.ϵ Ϭ.ϴϮ ϯ.ϳϵE-Ϯϭ 
ϭϱ µM “A ϴϯ.ϱ ϭϭ.ϵϬ±Ϭ.ϭϱ ϴϭ.ϳ±ϱ.ϴ ϭ.ϬϮ Ϯ.ϲϲE-Ϯϭ 
Ϯϱ µM “A ϭϲϱ.Ϭ ϭϭ.ϴϳ±Ϭ.Ϯϯ ϲϱ.ϴ±ϯ.ϭ Ϭ.ϲϬ ϳ.ϲϵE-Ϯϭ 
ϱϬ µM “A ϰϲϬ ϭϬ.ϯϬ±Ϭ.Ϭϴ ϳϳ.Ϯ±ϲ.ϯ Ϭ.Ϯϯ ϭ.ϯϳE-ϭϵ 
Aǀeƌage   ϭϭ.ϰ±Ϭ.ϳ ϴϬ.ϴ±ϭϬ.ϳ     
StatioŶ ϯ* 
  
ϱ µM “A ϮϮ.Ϭ ϭϬ.ϯϬ±Ϭ.Ϭϰ ϲϯ.Ϭ±Ϯ.ϴ ϭ.ϬϮ ϳ.ϳϵE-ϮϬ 
ϭϬ µM “A ϰϴ.ϰ ϭϬ.ϳϬ±Ϭ.Ϭϭ ϲϳ.ϲ±Ϭ.ϭ ϭ.ϬϬ ϴ.ϴϴE-ϮϬ 
ϭϱ µM “A ϳϵ.ϯ ϭϬ.ϵϬ±Ϭ.Ϭϭ ϲϯ.Ϯ±Ϭ.ϭ ϭ.Ϯϲ Ϯ.ϰϭE-ϮϬ 
Ϯϱ µM “A ϭϱϰ.ϲ ϭϬ.ϲϬ±Ϭ.Ϭϭ ϲϴ.Ϭ±Ϭ.ϯ Ϭ.ϴϮ ϭ.ϰϭE-ϮϬ 
ϱϬ µM “A ϰϮϭ ϭϭ.Ϭϲ±Ϭ.Ϭϰ ϵϬ.Ϭ±ϯ.Ϭ Ϭ.ϳϭ ϳ.ϵϱE-Ϯϭ 
Aǀeƌage   ϭϬ.ϱ±Ϭ.ϯ ϳϬ.ϰ±ϭϭ.Ϯ     
 StatioŶ ϰ** 
  
ϱ µM “A ϮϬ.ϵ ϭϮ.ϲϭ±Ϭ.ϰϬ ϰϳ.ϴ±ϯ.ϵ ϭ.ϰϱ ϰ.ϳϵE-ϮϮ 
ϭϬ µM “A ϰϱ.ϯ ϭϭ.ϳϯ±Ϭ.Ϭϰ ϱϰ.ϯ±ϭ.Ϭ ϭ.ϲϱ Ϯ.ϵϲE-Ϯϭ 
ϭϱ µM “A ϳϯ.Ϯ ϭϯ.ϯϬ±Ϭ.Ϭϭ ϱϬ.ϵ±Ϭ.ϭ Ϯ.ϰϱ ϭ.ϬϮE-ϮϮ 
Ϯϱ µM “A ϭϯϵ.ϳ ϭϮ.Ϭϰ±Ϭ.Ϭϲ ϲϭ.ϱ±Ϯ.ϱ Ϯ.ϳϮ ϭ.ϮϰE-Ϯϭ 
ϱϬ µM “A ϯϲϴ ϭϮ.ϲϮ±Ϭ.ϭϴ ϱϬ.ϴ±ϰ.ϰ ϭ.Ϭϭ ϰ.ϯϳE-ϮϮ 
Aǀeƌage   ϭϮ.ϰ±Ϭ.ϲ ϱϯ.ϭ±ϱ.Ϯ     
 StatioŶ ϱ*** 
  
ϱ µM “A ϮϬ.ϯ ϭϭ.ϳϬ±Ϭ.ϰϮ ϯϴ.Ϯ±ϯ.ϲ Ϭ.ϵϯ ϰ.ϮϴE-Ϯϭ 
ϭϬ µM “A ϰϯ.ϲ ϭϭ.ϳϲ±Ϭ.ϭϬ ϰϭ.ϭ±Ϭ.ϭ ϭ.ϰϰ ϯ.ϳϵE-Ϯϭ 
ϭϱ µM “A ϳϬ.ϭ ϭϮ.ϰϬ±Ϭ.ϭϰ ϰϯ.Ϭ±Ϯ.ϲ ϭ.ϯϰ ϳ.ϰϰE-ϮϮ 
Ϯϱ µM “A ϭϯϮ.ϯ ϭϮ.ϮϬ±Ϭ.Ϭϭ ϰϭ.ϴ±Ϭ.ϭ ϭ.ϵϬ ϭ.ϲϲE-Ϯϭ 
ϱϬ µM “A ϯϰϮ ϭϮ.Ϭϳ±Ϭ.Ϭϭ ϰϯ.ϵ±Ϭ.ϭ Ϭ.ϳϳ ϭ.ϰϵE-Ϯϭ 




ϱ µM “A ϭϵ.ϴ ϭϮ.Ϯϯ±Ϭ.ϯϬ ϯϬ.ϴ±Ϯ.ϱ ϯ.ϰϮ ϭ.ϲϮE-ϮϮ 
ϭϬ µM “A ϰϮ.ϱ ϭϭ.ϵϬ±Ϭ.ϭϱ ϯϲ.Ϭ±Ϯ.ϴ ϯ.ϯϮ Ϯ.ϬϮE-ϮϮ 
ϭϱ µM “A ϲϳ.ϵ ϭϮ.ϴϱ±Ϭ.ϰϯ ϯϭ.Ϭ±ϯ.ϵ ϯ.Ϯϴ ϯ.ϳϴE-Ϯϯ 
Ϯϱ µM “A ϭϮϳ.Ϯ ϭϮ.ϲϯ±Ϭ.ϯϬ ϯϮ.ϭ±ϯ.Ϭ Ϯ.ϳϭ ϱ.ϭϲE-Ϯϯ 
ϱϬ µM “A ϯϮϱ ϭϮ.ϱϵ±Ϭ.ϭϬ ϰϭ.ϰ±Ϯ.ϵ ϭ.ϴϳ ϯ.ϬϮE-Ϯϯ 





ϱ µM “A ϭϵ.ϱ ϭϭ.ϰϴ±Ϭ.ϯ ϱ.Ϭϳ±Ϭ.ϭϴ ϭϬ.ϬϮ ϱ.ϵϰE-ϮϬ 
ϭϱ µM “A ϲϲ.ϲ ϭϭ.ϲϰ±Ϭ.Ϭϲ ϴ.ϰϬ±Ϭ.ϯϬ ϴ.ϲϱ ϯ.ϬϳE-Ϯϭ 
Aǀeƌage   ϭϭ.ϲ±Ϭ.Ϯ ϲ.ϳ±Ϯ.ϰ     
*DepositioŶ tiŵes: ϯϬseĐ.                                                                                       **DepositioŶ tiŵe: ϲϬseĐ.   




The titƌatioŶs fƌoŵ tǁo saŵples ;statioŶ Ϯ, saliŶitǇ ϮϬ; statioŶ ϲ, saliŶitǇ ϯϭͿ aƌe shoǁŶ 
iŶ Fig. ϰ.ϯ. Foƌ saŵple fƌoŵ statioŶ Ϯ, the eǆpeĐted oƌdeƌ of the Đuƌǀes ;ǁhiĐh is also the 
oƌdeƌ of the seŶsitiǀitiesͿ ǁas Ŷot aĐhieǀed as the gƌeateƌ seŶsitiǀitǇ ;“Ϳ ǁas oďseƌǀed foƌ ϭϱ 
µM “A ƌatheƌ thaŶ at ϱ µM “A ;Fig. ϰ.ϯ aŶd Taďle ϰ.ϮͿ: “ ;ϭϱ µM “AͿ > “ ;ϱ µM “AͿ > “ ;ϭϬ µM 
“AͿ > “ ;Ϯϱ µ M “AͿ ǁheƌeas the eǆpeĐted oƌdeƌ of Đuƌǀes ǁas attaiŶed foƌ saŵple fƌoŵ 
statioŶ ϲ: “ ;ϱ µM “AͿ > “ ;ϭϬ µM “AͿ > “ ;ϭϱ µM “AͿ > “ ;Ϯϱ µM “A > “ ;ϱϬ µM “AͿ. The 
oďtaiŶed iƌƌegulaƌ ǀaƌiatioŶ iŶ “ ǁas asĐƌiďed to possiďle suƌfaĐtaŶt effeĐts iŶĐludiŶg huŵiĐ 
suďstaŶĐes aŶd otheƌ oƌgaŶiĐ ŵatteƌ iŶ the ǁateƌ, ǁhiĐh appaƌeŶtlǇ had a diffeƌeŶt iŶflueŶĐe 
at diffeƌeŶt ĐoŶĐeŶtƌatioŶs of “A. Foƌ all the saŵples, the diffeƌeŶĐe ďetǁeeŶ the 
seŶsitiǀities at ϱ, ϭϬ aŶd ϭϱ µM “A ǁas sŵall at statioŶs ϭ, Ϯ, ϯ, ϱ aŶd ϳ ;Liǀeƌpool BaǇͿ 
ǁheƌeas the eǆpeĐted deĐƌease fƌoŵ [“A] > ϱ µM ǁas oďseƌǀed foƌ statioŶs ϭ, ϲ aŶd ϳ. 
 
Figure 4.3. Titrations of complexing ligands from two different stations of Mersey estuary; a) Sample from 
station 2 ligand titration performed at 4 detection windows (5 - 25 µM SA) as 50 µM SA window was not used 
for simultaneous analysis of data, the maximum sensitivity was obtained at 15 µM SA window; b) Ligand 
titrations performed to sample collected from station 6, expected curve of sensitivities obtained.   
 
AŶotheƌ ĐoŵpliĐatiŶg faĐtoƌ iŶ titƌatioŶs usiŶg “A is that the seŶsitiǀitǇ deĐƌeases ǁith 
iŶĐƌeasiŶg “A ĐoŶĐeŶtƌatioŶ due to ĐoŵpetitioŶ ďǇ Fe“AϮ ǁhiĐh is ŶoŶ-eleĐtƌoaĐtiǀe 
;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. This is ĐouŶteƌ to iŶtuitioŶ as the -ĐoeffiĐieŶt foƌ 
ĐoŵpleǆatioŶ of Fe ǁith “A iŶĐƌeases ǁith iŶĐƌeasiŶg [“A] ǁhilst at the saŵe tiŵe the 
seŶsitiǀitǇ deĐƌeases ǁheŶ [“A] > ϱ µM ;at saliŶitǇ ~ϯϱͿ. Also, it diffeƌs fƌoŵ the ĐhaŶge iŶ 



















































4.3.3. Data fittiŶg of iŶdiǀidual titƌatioŶs 
LigaŶd ĐoŶĐeŶtƌatioŶs aŶd staďilitǇ ĐoŶstaŶts ǁeƌe fitted to iŶdiǀidual titƌatioŶs ďǇ 
liŶeaƌ aŶd ŶoŶ-liŶeaƌ data fittiŶg at eaĐh deteĐtioŶ ǁiŶdoǁ usiŶg MCC softǁaƌe ;OŵaŶoǀić 
et al., ϮϬϭϱͿ ǁhiĐh Đoŵpaƌes thƌee diffeƌeŶt pƌoĐeduƌes aŶd also ĐoƌƌeĐts “ foƌ uŶdeƌ-
satuƌatioŶ of L. The ƌesults foƌ the iŶdiǀidual titƌatioŶs at eaĐh deteĐtioŶ ǁiŶdoǁ aƌe 
suŵŵaƌized iŶ Taďle ϰ.Ϯ. EaĐh titƌatioŶ ĐoŶsisted of ϭϮ data poiŶts ǁhiĐh is suffiĐieŶt foƌ 
fittiŶg up to tǁo ligaŶds ;GeƌƌiŶga et al., ϮϬϭϰͿ depeŶdiŶg oŶ the data ƋualitǇ. It ǁas 
atteŵpted to fit titƌatioŶs data to oŶe aŶd tǁo ligaŶds. To fit the data foƌ oŶe ligaŶd ŵodel, 
ǀaŶ deŶ Beƌg liŶeaƌizatioŶ appƌoaĐh ǁas ĐhoseŶ. CoŶĐeŶtƌatioŶs of laďile Fe ǁeƌe ĐalĐulated 
fƌoŵ the peak-height aŶd the seŶsitiǀitǇ ;“Ϳ ǁhiĐh is eƋuiǀaleŶt to [Fe-“A], the suŵ of [Fe“A] 
aŶd [Fe“AϮ], aŶd fƌee Fe ;[Fe´]Ϳ. The plots of [laďile Fe] / [FeL] ǀeƌsus [laďile Fe] ;‘užić, ϭϵϴϮ; 
ǀaŶ deŶ Beƌg, ϭϵϴϮͿ ǁeƌe liŶeaƌ foƌ all titƌatioŶs of iŶdiǀidual saŵples, iŶdiĐatiŶg that a 
siŶgle ligaŶd ǁas doŵiŶatiŶg the speĐiatioŶ of Fe oǀeƌ the tested deteĐtioŶ ǁiŶdoǁ iŶ eaĐh 
saŵple. To ǀeƌifǇ ǁhetheƌ Ŷeǀeƌtheless tǁo ligaŶds Đould ďe ƌesolǀed, titƌatioŶs ǁeƌe also 
aŶalǇsed ďǇ ŶoŶ-liŶeaƌ data fittiŶg. Data fittiŶg ǁas Ŷot iŵpƌoǀed ďǇ fittiŶg ŵoƌe thaŶ oŶe 
ligaŶd to the titƌatioŶs: iŶ eaĐh Đase the staŶdaƌd deǀiatioŶ iŶĐƌeased, aŶd the ĐoŶĐeŶtƌatioŶ 
of oŶe of the ligaŶds ǁas iŶĐoŶsisteŶt ďetǁeeŶ saŵples aŶd uŶƌealistiĐallǇ laƌge oƌ sŵall. 
This ĐoŶfiƌŵed that iŶ eaĐh saŵple a siŶgle ligaŶd ǁas ƌespoŶsiďle foƌ ĐoŵpleǆatioŶ ǁith Fe, 
ǁith aŶǇ otheƌ ligaŶds haǀiŶg aŶ iŶsigŶifiĐaŶt effeĐt oŶ the Fe speĐiatioŶ. 
If ŵoƌe thaŶ oŶe ligaŶd is pƌeseŶt iŶ the ǁateƌ, aŶd if these aƌe Ŷot ƌesolǀed ďǇ 
iŶdiǀidual titƌatioŶs, theŶ a tƌeŶd ǁould ďe eǆpeĐted ǁheŶ the deteĐtioŶ ǁiŶdoǁ is ǀaƌied 
;ǀaŶ deŶ Beƌg aŶd DoŶat, ϭϵϵϮͿ: a higheƌ deteĐtioŶ ǁiŶdoǁ ǁould ďe eǆpeĐted to fiŶd a 
shift iŶ the ǀalue of the Đoŵpleǆ staďilitǇ oƌ iŶ the ligaŶd ĐoŶĐeŶtƌatioŶ, oƌ ďoth. The -
ĐoeffiĐieŶt foƌ ĐoŵpleǆatioŶ of ǀaƌious ŵetals has ďeeŶ shoǁŶ to iŶĐƌease ǁith the 
deteĐtioŶ ǁiŶdoǁ aŶd titƌatioŶs at diffeƌeŶt deteĐtioŶ ǁiŶdoǁs appeaƌed to shoǁ this foƌ 
Đoppeƌ ;ǀaŶ deŶ Beƌg aŶd DoŶat, ϭϵϵϮͿ. Ouƌ pƌeseŶt ǁoƌk did Ŷot shoǁ suĐh a tƌeŶd: 
ĐoŵpaƌisoŶ of the ǀalues foƌ [L], K´Fe´L aŶd [Fe´] ;Taďle ϰ.ϮͿ fƌoŵ iŶdiǀidual titƌatioŶs at 
iŶĐƌeasiŶg deteĐtioŶ ǁiŶdoǁ shoǁed eǆpeƌiŵeŶtal ǀaƌiaďilitǇ ďut Ŷo sǇsteŵatiĐ tƌeŶds, 
suggestiŶg that Fe speĐiatioŶ is heƌe doŵiŶated ďǇ just oŶe ligaŶd. Fuƌtheƌ, the ligaŶd 
ĐoŶĐeŶtƌatioŶ iŶ eaĐh saŵple ǁas ĐalĐulated ďǇ aǀeƌagiŶg the ƌesult of the fiǀe titƌatioŶs, 
aŶd ǁas fouŶd to haǀe a staŶdaƌd deǀiatioŶ of tǇpiĐallǇ ϭϲ % oƌ less ;Taďle ϰ.Ϯ, Fig. ϰ.ϰͿ, 
 ϭϯϲ 
 
eǆĐept foƌ the Liǀeƌpool ďaǇ statioŶ ǁhiĐh had a staŶdaƌd deǀiatioŶ of ϯϲ % at a ŵuĐh loǁeƌ 
ligaŶd ĐoŶĐeŶtƌatioŶ. The ĐoŶsisteŶĐǇ of the ligaŶd ĐoŶĐeŶtƌatioŶs also suggests that the 
saŵe ligaŶd ǁas fouŶd at eaĐh deteĐtioŶ ǁiŶdoǁ, aŶd that aŶǇ otheƌ ligaŶd ;ǁhiĐh Đould ďe 
eǆpeĐted to ďe pƌeseŶtͿ ǁas Ŷot deteĐted eitheƌ ďeĐause it has a ŵuĐh loǁeƌ ĐoŶĐeŶtƌatioŶ 
thaŶ the ŵaiŶ ligaŶd, oƌ ďiŶds the ŵetal ŵuĐh ǁeakeƌ so that ĐoŵpetitioŶ is Ŷegligiďle, oƌ 
ďoth. 
A diffeƌeŶt data fittiŶg ŵethod ;HudsoŶ, ϮϬϭϰͿ ǁas used to siŵultaŶeouslǇ fit all 
titƌatioŶs Đaƌƌied out at diffeƌeŶt ĐoŶĐeŶtƌatioŶs of “A to ǀeƌifǇ ǁhetheƌ ŵoƌe thaŶ oŶe 
ligaŶd Đould ďe fitted usiŶg that softǁaƌe.  
 
4.3.4. Data fittiŶg usiŶg KMS ŵodel 
The KM“ pƌogƌaŵ fits ǀalues foƌ the paƌaŵeteƌs ;L aŶd K foƌ oŶe oƌ ŵoƌe ligaŶdsͿ ďǇ 
ŵiŶiŵizatioŶ usiŶg “olǀeƌ of the ƌesidual eƌƌoƌ of the ŵodelled aŶd ƌeal data ;HudsoŶ, ϮϬϭϰͿ. 
AŶ adǀaŶtage of this pƌogƌaŵ is that it uses all the data poiŶts oďtaiŶed at ǀaƌious 
ĐoŶĐeŶtƌatioŶs of the ĐoŵpetiŶg ligaŶd ;“AͿ, siŵultaŶeouslǇ aŶd theƌefoƌe has up to ~ϲϬ 
data paiƌs to ĐalĐulate the ĐoŵpleǆiŶg ligaŶd paƌaŵeteƌs foƌ i disĐƌete ligaŶd Đlasses ;Foƌ 
eǆaŵple, foƌ siŵultaŶeous fittiŶg, the total data poiŶts used foƌ diffeƌeŶt statioŶs ǁeƌe as 
folloǁ: saŵple fƌoŵ statioŶ ϭ, ϲϬ data paiƌs; ϲϰ data paiƌs foƌ statioŶ ϯ aŶd ϰ eaĐh ǁheƌeas 
ϰϳ data paiƌs ǁeƌe used foƌ statioŶ Ϯ & ϱ ;oŶlǇ ;Wϭ - WϰͿ ǁeƌe used , Wϱ ǁas eǆĐluded fƌoŵ 
siŵultaŶeous fittiŶgͿ; ϱϱ data paiƌs foƌ statioŶ ϲ aŶd foƌ Liǀeƌpool BaǇ Ϯϭ data paiƌs fƌoŵ tǁo 
ǁiŶdoǁsͿ. A dƌaǁďaĐk is that the pƌogƌaŵ does Ŷot pƌoduĐe a staŶdaƌd deǀiatioŶ aŶd 
iŶstead ǁe used the ƌesidual eƌƌoƌ to ǀeƌifǇ ǁhetheƌ data-fits foƌ ŵoƌe thaŶ oŶe ligaŶd 
iŵpƌoǀed the data fittiŶg ;“aŶdeƌ et al., ϮϬϭϭͿ. The iŶitial data-guess ǁas ǀaƌied to ĐheĐk its 
effeĐt oŶ the ǀalues fouŶd aŶd the effeĐt oŶ the ĐalĐulated ligaŶd ĐoŶĐeŶtƌatioŶ ǁas ǀeƌǇ 
sŵall ;the spƌead is shoǁŶ iŶ Taďle ϰ.ϯ aŶd Fig. ϰ.ϰͿ, ŵuĐh less thaŶ the staŶdaƌd deǀiatioŶs 
of the iŶdiǀidual data-fits. Atteŵpts ǁeƌe also ŵade to fit the data foƌ fouƌ paƌaŵeteƌs 
;logK´FeLϭ, logK´FeLϮ, [Lϭ] aŶd “fittedͿ eǆĐludiŶg the estiŵatioŶs foƌ [LϮ], ďut Ŷo iŵpƌoǀeŵeŶt ǁas 
oďseƌǀed iŶ ‘M“E ǀalue. Otheƌ thaŶ that, the oďtaiŶed ǀalues foƌ logK´FeLϮ ǁeƌe ǀeƌǇ sŵall 
;data Ŷot shoǁŶͿ. Fuƌtheƌ, the data fƌoŵ eaĐh saŵple ǁas atteŵpted to fit foƌ fiǀe 
paƌaŵeteƌs ;;logK´FeLϭ logK´FeLϮ, [Lϭ], [LϮ] aŶd “fittedͿ, ďut this Đaused the ƌesidual eƌƌoƌ to 
iŶĐƌease ĐoŶfiƌŵiŶg the aďseŶĐe of a sigŶifiĐaŶt seĐoŶd ligaŶd. FoƌĐiŶg a data-fit to tǁo 
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ligaŶds ǁas fouŶd to pƌoduĐe laƌge ǀaƌiaďilitǇ iŶ the ĐoŶĐeŶtƌatioŶs fouŶd foƌ LϮ ǁith 
ƌepeated ĐalĐulatioŶs. The tǁo-ligaŶd data fittiŶgs ǁeƌe theƌefoƌe ĐoŶsideƌed to ďe 
uŶƌealistiĐ aŶd ĐoŶfiƌŵed the iŶdiǀidual titƌatioŶ fittiŶg that a siŶgle ligaŶd doŵiŶated the 
speĐiatioŶ of Fe ;Taďle ϰ.ϯͿ. The pƌeseŶĐe of aŶǇ otheƌ ligaŶd Đlass ǁas uŶdeteĐtaďle eitheƌ 
due to ŵuĐh loǁeƌ ĐoŶĐeŶtƌatioŶ of that ligaŶd thaŶ the ŵaiŶ ligaŶd oƌ due to ŵuĐh ǁeakeƌ 
ďiŶdiŶg stƌeŶgth of that ligaŶd foƌ Fe, oƌ ďoth.  
Foƌ eaĐh saŵple, otheƌ thaŶ siŵultaŶeous aŶalǇsis of all the titƌatioŶs as a uŶified 
dataset, the KM“ ŵodel ǁas also ƌuŶ foƌ ϱ µM “A ;WϭͿ ǁiŶdoǁ oŶlǇ fƌoŵ eaĐh statioŶ. The 
‘AL ǁas takeŶ as ϭ foƌ iŶdiǀidual ǁiŶdoǁ aŶalǇsis aŶd the oďtaiŶed ƌesults ǁeƌe Đoŵpaƌed 
ǁith siŵultaŶeous aŶalǇsis of all ǁiŶdoǁs as uŶified dataset ;Taďle ϰ.ϯͿ.  
CoŵpaƌisoŶ of the ligaŶd ĐoŶĐeŶtƌatioŶs oďtaiŶed usiŶg KM“ ;Wϭ – WϱͿ, KM“ ;WϭͿ 
aŶd the aǀeƌaged ƌesults oďtaiŶed fƌoŵ iŶdiǀidual titƌatioŶs shoǁed good agƌeeŵeŶt ;Fig. 
ϰ.ϰ aŶd Taďle ϰ.ϯͿ. Fuƌtheƌ, the ƌesults ǁeƌe also Đoŵpaƌed ǁith ƌesults ƌepoƌted ďǇ 
Aďualhaija et al. ;ϮϬϭϱͿ ;Fig. ϰ.ϰ aŶd Taďle ϰ.ϯͿ. The diffeƌeŶĐe ďetǁeeŶ the ligaŶd 
ĐoŶĐeŶtƌatioŶ of the diffeƌeŶt data fittiŶg ŵethods ǁas <ϭϱ % ďut it ǁas sǇsteŵatiĐ: The 
ƌesults oďtaiŶed fƌoŵ siŵultaŶeous fittiŶg of all the ǁiŶdoǁs ǁeƌe, oŶ aǀeƌage ϭϬ % higheƌ 
thaŶ the ǀalues oďtaiŶed fƌoŵ siŶgle ǁiŶdoǁ ;WϭͿ foƌ all the statioŶs ǁheƌeas the diffeƌeŶĐe 
ǁas ≈ Ϯϱ % foƌ Liǀeƌpool BaǇ saŵple. The ƌaŶge iŶ the ǀalues oďtaiŶed ďǇ ǀaƌǇiŶg the iŶitial 
guess-ǀalues usiŶg KM“ ǁas Ŷaƌƌoǁ ;ƌaŶge < ϭ %Ϳ, Đoŵpaƌed to aŶ eǆpeƌiŵeŶtal staŶdaƌd 
deǀiatioŶ of ϭϬ – ϯϬ % iŶ the ligaŶd ĐoŶĐeŶtƌatioŶs iŶ the iŶdiǀidual titƌatioŶs ;Taďle ϰ.ϯͿ. The 
ǀalue oďtaiŶed usiŶg KM“ ǁas ofteŶ ǁithiŶ the eǆpeƌiŵeŶtal staŶdaƌd deǀiatioŶ. It is 
teŵptiŶg to suggest that the MAW titƌatioŶs ŵaǇ haǀe led to ďetteƌ optiŵizatioŶ of the 
seŶsitiǀitǇ ďut the Đoŵpaƌatiǀe titƌatioŶs at ǀaƌious deteĐtioŶ ǁiŶdoǁs ;Taďle ϰ.ϮͿ shoǁed 
Ŷo sǇsteŵatiĐ iŶĐƌease ǁheŶ the deteĐtioŶ ǁiŶdoǁ ǁas iŶĐƌeased. The KM“ ǀalues oďtaiŶed 
fƌoŵ siŵultaŶeous aŶalǇsis of all the ǁiŶdoǁs as a uŶified dataset as ǁell as KM“ ;WϭͿ 







Figure 4.4. Comparison of Fe complexing ligand parameters through the estuary as calculated from MAWs 
using the average of individual titrations fitted by van den Berg linearization (MCC), using the simultaneous 
fitting of MAWs (W1 – W5) by KMS, using the single window (W1) fitted in KMS. Earlier published results on 
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Taďle ϰ.ϯ. CoŵpaƌisoŶ of Fe-speĐiatioŶ paƌaŵeteƌs oďtaiŶed foƌ eaĐh statioŶ; ϭͿ aǀeƌaged paƌaŵeteƌs oďtaiŶed fƌoŵ iŶdiǀidual aŶalǇtiĐal ǁiŶdoǁ fƌoŵ ǀdB 
liŶeaƌizatioŶ ;MCC softǁaƌeͿ; ϮͿ paƌaŵeteƌs oďtaiŶed ďǇ aŶalǇsiŶg ϱ µM “A ;WϭͿ aŶalǇtiĐal ǁiŶdoǁ foƌ oŶe ligaŶd ŵodel iŶ KM“; ϯͿ siŵultaŶeous aŶalǇsis of 
all ;ŵeaŶiŶgfulͿ aŶalǇtiĐal ǁiŶdoǁs usiŶg a oŶe ligaŶd ŵodel iŶ KM“. NoŶe of the statioŶs shoǁed a sigŶifiĐaŶtlǇ ďetteƌ fit foƌ tǁo ligaŶd ŵodel aŶd ƌesults 
aƌe thus Ŷot ĐoŶsideƌed ƌeliaďle aŶd aƌe Ŷot ƌepoƌted; ϰͿ ouƌ ƌesults ǁeƌe Đoŵpaƌed ǁith eaƌlieƌ puďlished ƌesults ;Aďualhaija et al., ϮϬϭϱͿ. 
 
    










ϱ µM ;SAͿ KMS ;Wϭ-WϱͿ 
StatioŶs dFe ;ŶMͿ [LT]  logK'Fe'L [LT]  logK'Fe'L [LT]  logK'Fe'L SFitted S RMSE [LT]  logK'Fe'L SFitted Sŵaǆ RMSE 
StatioŶ ϭ ϴϯ.ϱ±ϯ.ϴ ϭϬϱ±ϭ.Ϭ ϭϭ.ϭ±Ϭ.Ϭϵ ϭϭϳ±ϭϰ ϭϭ.ϵϵ±Ϭ.ϭϱ ϭϬϱ.ϵϲ±Ϭ.ϴϬ ϭϭ.ϴ ϭ.Ϭϴ ϭ.Ϯϵ Ϭ.ϭϬ ϭϭϴ.ϮϬ±Ϭ.ϴϬ ϭϮ.ϭ ϭ.Ϭϴ ϭ.Ϯϵ Ϭ.ϯϴ 
StatioŶ Ϯ* ϱϭ.Ϭ±ϭ.Ϯ ϲϳ±Ϭ.ϴ ϭϭ.ϭ±Ϭ.Ϭϲ ϴϬ.ϴ±ϭϬ.ϳ ϭϭ.ϱϮ±Ϭ.ϭϮ ϴϭ.ϱϰ±Ϭ.ϬϬϯ ϭϭ.ϲ ϭ.Ϭϳ Ϭ.ϵϳ Ϭ.Ϭϲ ϵϰ.ϲϬ±Ϭ.Ϭϭ ϭϭ.ϲ ϭ.Ϭϳ ϭ.ϬϮ Ϭ.Ϯϴ 
StatioŶ ϯ ϰϬ.ϯ±Ϭ.ϱ ϱϯ±ϭ ϭϭ.ϯ±Ϭ.ϭϯ ϳϬ.ϰ±ϭϭ.Ϯ ϭϬ.ϯϬ±Ϭ.ϯϬ ϲϭ.ϬϬ±Ϭ.Ϭϭ ϭϬ.ϯ ϭ.Ϭϳ ϭ.ϬϮ Ϭ.Ϭϰ ϱϳ.ϮϮ±Ϭ.Ϭϭ ϭϬ.ϴ ϭ.Ϯϱ ϭ.Ϯϲ Ϭ.Ϯϲ 
StatioŶ ϰ ϯϱ.Ϭ±ϭ.Ϭ ϰϯ±Ϭ.ϱ ϭϭ.ϯϬ±Ϭ.Ϭϳ ϱϯ.ϭ±ϱ.Ϯ ϭϮ.ϲϭ±Ϭ.ϰϬ ϰϳ.ϱϬ±Ϭ.ϭϬ ϭϭ.ϵ ϭ.Ϭϳ ϭ.ϰϯ Ϭ.ϭϯ ϱϮ.ϲϬ±Ϭ.Ϭϭ ϭϮ.ϯ ϭ.ϴϬ Ϯ.ϳϱ Ϭ.ϯϯ 
StatioŶ ϱ* ϮϬ.ϭ±Ϯ.ϴ ϯϯ±Ϭ.ϯ ϭϭ.ϰϬ±Ϭ.Ϭϱ ϰϭ.ϲ±Ϯ.Ϯ ϭϭ.ϲϬ±Ϭ.ϱϬ ϯϳ.ϮϬ±Ϭ.Ϭϴ ϭϭ.ϱ Ϭ.ϵϯ ϭ.Ϭϳ Ϭ.ϭϱ ϯϲ.Ϯϯ±Ϭ.Ϭϴ ϭϮ.Ϯ ϭ.ϳϬ ϭ.ϵϯ Ϭ.Ϯϳ 
StatioŶ ϲ ϮϮ.ϱ±ϭ.ϯ Ϯϴ±Ϭ.ϭ ϭϭ.ϯ±Ϭ.ϭϭ ϯϰ.ϯ±ϰ.ϱ ϭϮ.ϮϬ±Ϭ.ϯϬ Ϯϴ.ϮϬ±Ϭ.Ϭϭ ϭϮ.ϭ Ϯ.ϭϬ ϯ.ϯϮ Ϭ.ϭϮ ϯϱ.ϯϯ±Ϭ.Ϭϭ ϭϮ.ϲ ϯ.ϲϯ ϯ.ϰϮ Ϭ.ϰϬ 
Liǀeƌpool  
BaǇ 
ϰ.ϴ±Ϭ.ϱ ϲ±Ϭ.ϭ ϭϭ.ϯϬ±Ϭ.Ϭϲ ϲ.ϳ±Ϯ.ϰ ϭϭ.ϰϴ±Ϭ.ϮϬ ϱ.ϱϳ±Ϭ.Ϭϭ ϭϭ.Ϯ ϵ.ϳϱ ϭϬ.ϬϮ Ϭ.ϬϮ ϳ.ϰϵ±Ϭ.Ϭϭ ϭϭ.ϳ ϵ.ϳϱ ϭϬ.ϬϮ Ϭ.Ϯϭ 
Aǀeƌage    ϭϭ.Ϯ±Ϭ.ϭ  ϭϭ.ϳ±Ϭ.ϳ  ϭϭ.ϱ±Ϭ.ϲ     ϭϭ.ϵ±Ϭ.ϲ    
* Fouƌ ǁiŶdoǁs ;Wϭ –WϰͿ, eǆĐludiŶg Wϱ, ǁeƌe used foƌ siŵultaŶeous aŶalǇsis iŶ KM“
 ϭϰϬ 
 
4.3.5. VaƌiatioŶs iŶ log K 
The Đoŵpleǆ staďilitǇ of Fe-L Đoŵpleǆes ;logK´Fe´LͿ iŶ the pƌeseŶt studǇ ǁas fouŶd 
ďetǁeeŶ ϭϬ.ϴ aŶd ϭϮ.ϲ foƌ ;KM“ ;Wϭ-WϱͿͿ aŶd iŶ the ƌaŶge fƌoŵ ;ϭϬ.ϯ - ϭϮ.ϭͿ foƌ KM“ ;WϭͿ, 
aŶd ǁas ǁithout a sǇsteŵatiĐ saliŶitǇ tƌeŶd ;Taďle ϰ.ϯ aŶd Fig. ϰ.ϰͿ. AǀeƌagiŶg of the logK´Fe´L 
ǀalues gaǀe a ǀalue of ϭϭ.ϵ ± Ϭ.ϲ foƌ ;KM“ ;Wϭ - WϱͿͿ aŶd ϭϭ.ϱ ± Ϭ.ϲ foƌ KM“ ;WϭͿ. This 
Đoŵpleǆ staďilitǇ is siŵilaƌ to that ;ďetǁeeŶ ϭϭ.ϭ aŶd ϭϭ.ϲͿ foƌ teƌƌestƌial huŵiĐ aĐid 
;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰ; Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ aŶd siŵilaƌ to that 
;ϭϭ.ϯͿ foƌ teƌƌestƌial huŵiĐ suďstaŶĐes iŶ estuaƌiŶe, ďlaĐk-ƌiǀeƌ ǁateƌs ;BatĐhelli et al., ϮϬϭϬͿ. 
“iŵilaƌ Đoŵpleǆ staďilitǇ ;ďetǁeeŶ ϭϭ aŶd ϭϮͿ has ďeeŶ fouŶd elseǁheƌe foƌ ligaŶds iŶ 
Đoastal ǁateƌs ;BuŶdǇ et al., ϮϬϭϱͿ, estuaƌiŶe ǁateƌs ;Cƌoot aŶd JohaŶssoŶ, ϮϬϬϬ; GeƌƌiŶga 
et al., ϮϬϬϳ; Gledhill et al., ϮϬϭϱͿ aŶd oĐeaŶiĐ ǁateƌs ;IďisaŶŵi et al., ϮϬϭϭ; “aŶdeƌ et al., 
ϮϬϭϱĐ; VelasƋuez et al., ϮϬϭϭͿ. The ligaŶds fƌoŵ estuaƌiŶe oƌigiŶ theƌefoƌe aƌe siŵilaƌ to 
teƌƌestƌial H“. Neǀeƌtheless, ligaŶds ǁith ǀalues foƌ log K͛Fe͛L>ϭϮ haǀe ďeeŶ fouŶd iŶ 
estuaƌiŶe-iŶflueŶĐed shelf ǁateƌs ;BuĐk et al. ϮϬϬϳͿ. Theƌefoƌe the ƌepoƌted ǀaƌiaďilitǇ foƌ 
Đoŵpleǆ staďilitǇ is high.   
The spƌead of ƌepoƌted Đoŵpleǆ staďilities foƌ oĐeaŶ ǁateƌs is eǀeŶ laƌgeƌ thaŶ iŶ 
estuaƌiŶe ǁateƌ; ϵ-ϭϭ ;Gledhill aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰͿ, ϭϯ ;‘ue aŶd BƌulaŶd, ϭϵϵϱͿ, ϭϮ 
;BoǇe et al., ϮϬϬϭͿ, ϭϭ.ϱ ;IďisaŶŵi et al., ϮϬϭϭͿ, ϭϭ-ϭϰ ;Witteƌ et al., ϮϬϬϬͿ, aŶd ϭϬ.ϯ to ϭϭ.ϰ 
;BuĐk aŶd BƌulaŶd, ϮϬϬϳͿ. But the ŵoƌe ƌeĐeŶt papeƌs fƌoŵ oĐeaŶiĐ ǁateƌs ;BuĐk aŶd 
BƌulaŶd, ϮϬϬϳ; IďisaŶŵi et al., ϮϬϭϭ; “aŶdeƌ et al., ϮϬϭϱĐͿ ƌepoƌted Đoŵpleǆ staďilitǇ iŶ 
ďetǁeeŶ ϭϭ to ϭϮ, ǁhiĐh is a Ŷaƌƌoǁeƌ ƌaŶge thaŶ iŶ eaƌlieƌ puďlished papeƌs ;Đoŵpleǆ 
staďilitǇ iŶ a ƌaŶge of ϵ to ϭϰͿ ;Gledhill aŶd ǀaŶ deŶ Beƌg, ϭϵϵϰ; ‘ue aŶd BƌulaŶd, ϭϵϵϱ; ǀaŶ 
deŶ Beƌg, ϭϵϵϱ; Witteƌ et al., ϮϬϬϬͿ, the ƌeĐeŶt studies aƌe ƌepoƌtiŶg a Đoŵpleǆ staďilitǇ foƌ 
ligaŶds that is siŵilaƌ to that fouŶd foƌ teƌƌestƌial H“. Hoǁeǀeƌ, it ŵaǇ ďe too eaƌlǇ to 
geŶeƌalise Đoŵpleǆ staďilitǇ as the Đoŵpleǆ staďilitǇ of “A has ďeeŶ Đaliďƌated oŶlǇ ǀeƌǇ 
ƌeĐeŶtlǇ iŶ seaǁateƌ ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ aŶd eǆteŶded to estuaƌiŶe ǁateƌ 







4.3.6. CoŵpaƌisoŶ of dFe ǁith ligaŶds  
The MAW speĐiatioŶ eǆpeƌiŵeŶts shoǁed that these estuaƌiŶe ǁateƌs aƌe doŵiŶated 
ďǇ oŶe ligaŶd aŶd that this ligaŶd Đlass oƌigiŶates iŶ loǁ saliŶitǇ ǁateƌs aŶd aƌe diluted ďǇ 
seaǁateƌ. ;Aďualhaija et al., ϮϬϭϱͿ haǀe shoǁŶ that iƌoŶ aŶd the ligaŶd ĐoŶĐeŶtƌatioŶ Đo-ǀaƌǇ 
iŶ the MeƌseǇ ǁateƌs, theiƌ ĐoŶĐeŶtƌatioŶ deĐƌeasiŶg iŶ a ŶoŶ-liŶeaƌ fashioŶ ǁith iŶĐƌeasiŶg 
saliŶitǇ at a ĐoŶstaŶt ƌatio of Ϭ.ϴ, ǁhiĐh ŵeaŶs that ~ϮϬ % of the ligaŶd is fƌee. We haǀe 
Đoŵpaƌed ouƌ KM“ ;Wϭ – WϱͿ aŶd ;KM“ ;WϭͿͿ ƌesults ǁith eaƌlieƌ ƌepoƌted ƌesults 
;Aďualhaija et al., ϮϬϭϱͿ ;Fig. ϰ.ϱaͿ. The ƌesults oďtaiŶed fƌoŵ KM“ ;WϭͿ ;Ǉ = Ϭ.ϳϱǆͿ ǁeƌe iŶ 
Đlose agƌeeŵeŶt ǁith eaƌlieƌ ƌepoƌted ƌesults ďǇ ;Aďualhaija et al., ϮϬϭϱͿ ǁheƌeas the 
ĐalĐulated ligaŶd ĐoŶĐeŶtƌatioŶ ǁas ϭϱ% gƌeateƌ ;Ǉ = Ϭ.ϲϱǆͿ ǁheŶ all the ǁiŶdoǁs ǁeƌe 
aŶalǇsed siŵultaŶeouslǇ iŶ KM“.  
 Figuƌe ϰ.ϱ. Plot shoǁiŶg the ĐoƌƌelatioŶs aͿ [dFe] ŶM ǁith [LT] ŶM oďtaiŶed fƌoŵ siŵultaŶeous MAW ;Wϭ – 
WϱͿ fittiŶg ďǇ KM“, siŶgle ǁiŶdoǁ ;WϭͿ fitted ďǇ KM“ aŶd [LT] ŶM puďlished ďǇ ;Aďualhaija et al., ϮϬϭϱͿ; ďͿ 
[dFe] ŶM as a fuŶĐtioŶ of [Fe-H“] ŶM aŶd Đoŵpaƌed ǁith eaƌlieƌ puďlished ƌesults ďǇ ;Aďualhaija et al., ϮϬϭϱͿ; 
ĐͿ [Fe-H“] ŶM as fuŶĐtioŶ of [LT] ŶM oďtaiŶed fƌoŵ siŵultaŶeous fittiŶg of MAWs ;Wϭ – WϱͿ ďǇ KM“, siŶgle 






Pƌeǀious studies haǀe shoǁŶ that ϭ ŵg H“ ǁas eƋuiǀaleŶt to ϯϬ.ϲ ± Ϭ.ϲ ŶM of Fe-
ďiŶdiŶg ligaŶds ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. This ǀalue ǁas used to ĐoŶǀeƌt 
ǀoltaŵŵetƌiĐallǇ ŵeasuƌed Fe-ďiŶdiŶg H“ iŶto ŶM. A diagƌaŵ of [Fe-H“] as fuŶĐtioŶ of [LT] 
oďtaiŶed fƌoŵ KM“ ;WϭͿ shoǁs a liŶeaƌ ƌelatioŶship ǁith a slope of Ŷeaƌ uŶitǇ ;Ǉ = Ϭ.ϵϱǆͿ 
ǁith aŶ iŶteƌĐept that is <ϭ ŶM ligaŶds giǀiŶg a good iŶdiĐatioŶ that ŶeaƌlǇ the eŶtiƌe ligaŶd 
ĐoŶĐeŶtƌatioŶ foƌ Fe ĐoŶsists of H“. The slope ǀalue fouŶd fƌoŵ [Fe-H“] plot ǁith [LT] 
oďtaiŶed fƌoŵ KM“ ;Wϭ – WϱͿ ǁas slightlǇ loǁ ;Ǉ = Ϭ.ϴϰǆͿ ;Fig. ϰ.ϱĐͿ, pƌoďaďlǇ due to eǆĐess 
ligaŶd ĐoŶĐeŶtƌatioŶs deteĐted ďǇ siŵultaŶeous aŶalǇsis of all the dataset. A plot of [Fe-H“] 
;ŶM sĐaleͿ as fuŶĐtioŶ of Fe ;Fig. ϰ.ϱďͿ shoǁs a liŶeaƌ ƌelatioŶship ǁith a slope of ;Ǉ = Ϭ.ϳϴǆͿ 
ǁhiĐh is siŵilaƌ to the slope of ligaŶds ;KM“ ;WϭͿͿ ǁith [Fe] ;Fig. ϰ.ϱaͿ, ĐoŶfiƌŵiŶg that the 
ŵajoƌ poƌtioŶ of ligaŶds that ĐoŶtƌol Fe iŶ the MeƌseǇ estuaƌǇ aƌe huŵiĐ suďstaŶĐes. Ouƌ 
ƌesults aƌe iŶ agƌeeŵeŶt ǁith eaƌlieƌ puďlished ƌesults ;Aďualhaija et al., ϮϬϭϱͿ. 
WithiŶ the MeƌseǇ ƌiǀeƌ estuaƌǇ, the dFe speĐiatioŶ is highlǇ ĐoŶtƌolled ďǇ a laƌge 
eǆĐess of [LT] ǁith log K´Fe´L iŶ the ƌaŶge of ϭϬ.ϴ - ϭϮ.ϱ. The ĐoŶĐeŶtƌatioŶ of ďoth dFe aŶd 
[LT] ǁas highest at loǁest saliŶitǇ ;ϭϴ.ϴͿ, theŶ the ĐoŶĐeŶtƌatioŶ deĐliŶed dƌaŵatiĐallǇ fƌoŵ 
statioŶ ϭ to statioŶ Ϯ alŵost ϯϵ % deĐƌease iŶ the ĐoŶĐeŶtƌatioŶ of dFe aŶd aƌouŶd Ϯϭ % iŶ 
[LT] ǁas seeŶ. The ƌeleǀaŶt ǁoƌk ĐoŶduĐted foƌ suĐh kiŶd of eŶǀiƌoŶŵeŶt has ƌeǀealed that 
the loss of dissolǀed Fe is ŵost oďǀious foƌ loǁeƌ saliŶities likelǇ due of floĐĐulatioŶ of dFe at 
these saliŶities ;BoǇle et al., ϭϵϳϳ; “holkoǀitz, ϭϵϳϲ; “holkoǀitz et al., ϭϵϳϴͿ. The ŵiǆiŶg 
patteƌŶ of [LT] ǁith saliŶitǇ suggests that oƌgaŶiĐ ligaŶds ǁeƌe ĐoŶseƌǀatiǀe at statioŶ ϭ ďut 
suddeŶlǇ a sŵall iŶĐƌease iŶ saliŶitǇ tuƌŶed theiƌ ĐoŶseƌǀatiǀe ďehaǀioƌ iŶto ŶoŶ-
ĐoŶseƌǀatiǀe. Fƌoŵ statioŶ Ϯ to oŶǁaƌd, a sŵall gƌadual deĐƌease iŶ [LT] aloŶg ǁith [dFe] 
ǁithiŶ the estuaƌǇ ǁas ŶotiĐed. “iŶĐe the ĐoŶĐeŶtƌatioŶs of ďoth dFe aŶd [LT] aƌe highlǇ 
Đoƌƌelated so it is aŶtiĐipated that L Đould also ďe lost due to floĐĐulatioŶ at loǁeƌ saliŶitǇ 
aŶd lateƌ oŶ due to dilutioŶ. Fƌoŵ the ĐoƌƌelatioŶ ;Fig. ϰ.ϱa, ƌϮ = ̴ Ϭ.ϵϳ; Fig. ϰ.ϱď, ƌϮ = ̴ Ϭ.ϵϴͿ, it 
is also eǀideŶt that [LT] ǁeƌe fullǇ satuƌated ǁith dFe thus suppoƌtiŶg the eaƌlieƌ ǁoƌk ǁhiĐh 
suggested that DOM espeĐiallǇ huŵiĐ aĐid plaǇs aŶ iŵpoƌtaŶt ƌole iŶ the floĐĐulatioŶ of Fe 
duƌiŶg ƌiǀeƌ–oĐeaŶ ŵiǆiŶg thƌough estuaƌies.  
Pƌeǀious ǁoƌk oŶ estuaƌiŶe aŶd ƌiǀeƌ ǁateƌs ;BuĐk et al., ϮϬϬϳ; BuŶdǇ et al., ϮϬϭϱ; 
JoŶes et al., ϮϬϭϭ; Poǁell aŶd WilsoŶ-FiŶelli, ϮϬϬϯͿ ƌepoƌted stƌoŶg oƌgaŶiĐ ĐoŵpleǆatioŶ of 
Fe. “oŵe ǁoƌk fouŶd oŶlǇ oŶe ligaŶd Đlass iŶ ƌiǀeƌs ;JoŶes et al., ϮϬϭϭ; Poǁell aŶd WilsoŶ-
 ϭϰϯ 
 
FiŶelli, ϮϬϬϯͿ. Poƌe ǁateƌ of sediŵeŶts ǁas thought to ďe the doŵiŶaŶt souƌĐe of Fe-
ĐoŵpleǆiŶg ligaŶds iŶ the “atilla ‘iǀeƌ estuaƌǇ ;JoŶes et al., ϮϬϭϭͿ. The ĐoŶĐeŶtƌatioŶ of iƌoŶ 
has ďeeŶ fouŶd to Đo-ǀaƌǇ ǁith the ligaŶd ;BuĐk et al., ϮϬϬϳͿ aŶd the ligaŶds aƌe thought to 
ďe affeĐted ďǇ photoĐheŵiĐal pƌoĐesses ;Poǁell aŶd WilsoŶ-FiŶelli, ϮϬϬϯͿ. Coastal souƌĐes of 
a stƌoŶg Fe-ďiŶdiŶg ligaŶd haǀe ďeeŶ suggested ;BuŶdǇ et al., ϮϬϭϰͿ ďut also a loǁ-saliŶitǇ 
souƌĐe ;BuŶdǇ et al., ϮϬϭϱͿ ǁith ƌeŵoǀal at higheƌ saliŶitǇ. 
 
4.3.7. CoŵpositioŶ aŶd souƌĐes of DOM iŶ the MeƌseǇ estuaƌǇ aŶd Liǀeƌpool BaǇ  
A ŵeasuƌeŵeŶt of DOC ǁas used to eluĐidate the ĐoŵpositioŶ of dissolǀed oƌgaŶiĐ 
ŵatteƌ aŶd ǁas Đoŵpaƌe to the deteĐted ligaŶds. The Fe-ďiŶdiŶg H“ had ďeeŶ deteƌŵiŶed 
afteƌ satuƌatioŶ ǁith Fe, ǁhiĐh should ďe eƋual to the total H“ ;Lagleƌa et al., ϮϬϬϳͿ aŶd has 
iŶ the past ďeeŶ shoǁŶ to giǀe Đoŵpaƌaďle H“ ĐoŶĐeŶtƌatioŶs as fouŶd usiŶg UV 
aďsoƌďaŶĐe. DOC ǁas deteƌŵiŶed afteƌ saŵple aĐidifiĐatioŶ to ƌeŵoǀe iŶoƌgaŶiĐ ĐaƌďoŶ aŶd 
to staďilise the oƌgaŶiĐ ŵatteƌ.  
The ǀoltaŵŵetƌiĐallǇ deteĐted Fe-ďiŶdiŶg H“ ǁas Đaliďƌated oŶ the ŵg /L sĐale of 
“‘HA aŶd ǁas ĐoŶǀeƌted to the ŵg C sĐale usiŶg a ƌatio of ϭ ŵg of “‘HA = Ϭ.ϱϮ ŵg C/L 
;http://ǁǁǁ.huŵiĐsuďstaŶĐes.oƌg/eleŵeŶts.htŵlͿ. A plot of H“ ;ŵg C /LͿ as fuŶĐtioŶ of the 
ĐoŶĐeŶtƌatioŶ of DOC ;ŵg C /LͿ ǁas stƌaight ǁith a slope of Ϭ.ϱϲ ďut ǁith a sigŶifiĐaŶt 
iŶteƌĐept oŶ the DOC aǆis: [H“] = Ϭ.ϱϲ ǆ DOC – Ϭ.ϲϴ ;DOC aŶd H“ as ŵg C/LͿ. EǆtƌapolatioŶ to 
loǁ ĐoŶĐeŶtƌatioŶs of DOC, iŶ the seaǁateƌ eŶd-ŵeŵďeƌ, ǁould giǀe a ƌesidual 




Figure 4.6. a) Voltammetrically measured Fe-binding [HS] mg C /L as function of the concentration of [DOC] 
mg C /L; b) [DOC] mg C /L as a function of [dFe] nM. 
 
The fƌaĐtioŶ of DOC as H“ ;as ŵg C/LͿ deĐƌeased fƌoŵ ϰϳ % at the loǁ saliŶitǇ ;“alͿ eŶd 
;“al ϭϴ.ϴͿ to Ϯϱ % at “al ϯϬ.ϵ, aŶd to ϱ % of DOC iŶ the Liǀeƌpool ďaǇ saŵple ;“al ϯϮ.ϮͿ Taďle 
ϰ.ϰ. The data suggests a ŶoŶ-ĐoŶseƌǀatiǀe ŵiǆiŶg ďehaǀiouƌ of the H“ Đoŵpaƌed to DOC iŶ 
these estuaƌiŶe ǁateƌs ;Fig. ϰ.ϲaͿ. The DOC ǁas fouŶd to deĐƌease iŶ a liŶeaƌ ŵaŶŶeƌ ǁith 
the saliŶitǇ to a loǁ of ϭ.Ϯ ŵg C /L at the high saliŶitǇ eŶd, ǁhiĐh is a little higheƌ thaŶ that 
;~Ϭ.ϴ ŵg C /L of DOCͿ iŶ opeŶ AtlaŶtiĐ ǁateƌs ;Loŵas et al., ϮϬϭϯͿ ǁhiĐh ŵakes seŶse as this 
is shelf ǁateƌ. The DOC theƌefoƌe shoǁs a siŵple dilutioŶ of high-DOC estuaƌiŶe ǁith loǁ-
DOC seaǁateƌ. The deĐƌease iŶ the pƌopoƌtioŶ of DOC oĐĐuƌƌiŶg as H“ duƌiŶg this dilutioŶ 
stage iŶdiĐates that the H“ is suďjeĐt to a ƌeŵoǀal pƌoĐess Đoŵpaƌed to a ĐoŶseƌǀatiǀe DOC.  
 
Taďle ϰ.ϰ: [DOC] ŵg C/L, [H“] ŵg C/L, [H“] ŵg/L, [TDN] ŵg N/L, K'Fe“A aŶd B'Fe“AϮ ǀalues foƌ all the 
saŵples ĐolleĐted fƌoŵ the MeƌseǇ estuaƌǇ aŶd Liǀeƌpool BaǇ saŵples: 
 










StatioŶ ϭ ϭϲ.ϲϭ Ϯϭ.Ϭϱ ϯ.ϱϳ ϯ.ϭϵ±Ϭ.Ϯϭ ϭ.ϲϲ ϰϲ.ϱ ϰ.Ϯϯ 
StatioŶ Ϯ ϭϲ.ϲϬ Ϯϭ.ϬϮ ϯ.ϰϱ Ϯ.Ϯ±Ϭ.ϯ ϭ.ϭϰ ϯϯ.Ϯ ϯ.ϳϳ 
StatioŶ ϯ ϭϲ.ϲϬ ϮϬ.ϵϱ ϯ.ϯϯ ϭ.ϵϱ±Ϭ.ϯϬ ϭ.Ϭϭ ϯϬ.ϱ ϯ.ϰϳ 
StatioŶ ϰ ϭϲ.ϱϴ ϮϬ.ϴϱ Ϯ.ϱϵ ϭ.ϰϭ±Ϭ.Ϯϭ Ϭ.ϳϯ Ϯϴ.ϯ Ϯ.Ϯϴ 
StatioŶ ϱ ϭϲ.ϱϳ ϮϬ.ϳϵ Ϯ.ϭϬ ϭ.ϭϳ±Ϭ.ϮϬ Ϭ.ϲϭ Ϯϵ.Ϭ ϭ.ϭϭ 
StatioŶ ϲ ϭϲ.ϱϳ ϮϬ.ϳϱ ϭ.ϳϰ Ϭ.ϴϮ±Ϭ.ϭϳ Ϭ.ϰϯ Ϯϰ.ϱ Ϭ.ϲϬ 
Liǀeƌpool 
BaǇ 
ϭϲ.ϱϲ ϮϬ.ϳϮ ϭ.ϰϬ Ϭ.ϭϮ±Ϭ.ϬϮ Ϭ.Ϭϲ ϰ.ϱ Ϭ.ϰϮ 
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To tƌaĐk the souƌĐes of oƌgaŶiĐ ligaŶds that ĐoŶtƌol the distƌiďutioŶ of Fe iŶ MeƌseǇ 
estuaƌǇ, fluoƌesĐeŶĐe iŶdiĐes FI, HIX aŶd BIX ǁeƌe ĐalĐulated foƌ the eŶtiƌe suƌfaĐe aŶd soŵe 
suďsuƌfaĐe ǁateƌs saŵples ;Taďle ϰ.ϭ“Ϳ. All the suƌfaĐe ǁateƌ saŵples haǀe FI ~ϭ.ϲ ǁhiĐh 
ŵeaŶs that the souƌĐes ǁeƌe ĐoŶsisteŶt ǁith ŵiǆed souƌĐes fƌoŵ alloĐhthoŶous ;teƌƌestƌialͿ 
as ǁell as autoĐhthoŶous ;ŵiĐƌoďialͿ oƌigiŶ thƌoughout the estuaƌǇ. The suďsuƌfaĐe ǁateƌ 
saŵples fƌoŵ statioŶs Ϯ aŶd ϰ haǀe FI ǀalues ϭ.ϵϮ aŶd ϭ.ϴϵ ƌespeĐtiǀelǇ, ǁhiĐh is 
ƌepƌeseŶtatiǀe of ŵiĐƌoďial souƌĐes of DOM. HIX ǀalues ƌaŶge fƌoŵ ;ϭϭ.Ϭϲ - ϭϭ.ϳϰͿ foƌ all the 
suƌfaĐe aŶd suďsuƌfaĐe ǁateƌs saŵples eǆĐept foƌ tǁo suďsuƌfaĐe ǁateƌ statioŶs ;statioŶ ϰ 
aŶd ϲͿ, ǁhiĐh had loǁeƌ ǀalues of ϵ.ϲ aŶd ϲ.ϳ. The loǁeƌ HIX ǀalues suggest that the DOM 
Đould ďe ŵiĐƌoďiallǇ-deƌiǀed ǁith loǁeƌ aƌoŵatiĐitǇ aŶd higheƌ N ĐoŶteŶts ;Biƌdǁell aŶd 
EŶgel, ϮϬϭϬͿ. The siŵilaƌ HIX ǀalues iŶ the suƌfaĐe ǁateƌ iŶdiĐate that these haǀe teƌƌestƌial 
huŵiĐ suďstaŶĐes. The BIX ǀalue ĐalĐulated foƌ the eŶtiƌe suƌfaĐe aŶd suďsuƌfaĐe ǁateƌs 
saŵples ǁas ~Ϭ.ϳϱ suggestiŶg that theƌe ǁas a ĐoŶtƌiďutioŶ of sediŵeŶtaƌǇ oƌgaŶiĐ ŵatteƌ 
to the ǁateƌ too.  
AĐĐuŵulatioŶ of sediŵeŶts takes plaĐe iŶ ƌiǀeƌs duƌiŶg tiŵe of eitheƌ loǁ floǁ oƌ 
ĐhaŶge iŶ floǁ. WheŶ the floǁ ĐhaŶges, the aĐĐuŵulated sediŵeŶt is ǁeatheƌed aŶd Đaƌƌied 
aloŶg ǁith the assoĐiated poƌeǁateƌs uŶtil the Đoastal zoŶe ;Poǁell aŶd WilsoŶ-FiŶelli, 
ϮϬϬϯͿ. ‘eduĐiŶg sediŵeŶts ƌelease Fe aŶd Fe-ĐoŵpleǆiŶg ligaŶds to suƌfaĐe ǁateƌ iŶ 
upǁelliŶg sǇsteŵ ;JoŶes et al., ϮϬϭϭ; Taillefeƌt et al., ϮϬϬϬͿ. Due to shalloǁ Ŷatuƌe of 
Liǀeƌpool BaǇ aŶd stƌoŶg tidal aŶd ǁiŶd ŵiǆiŶg iŶ estuaƌǇ, MeƌseǇ estuaƌǇ aŶd Liǀeƌpool BaǇ 
is suďjeĐted to shoƌt-liǀed oƌ iŶteƌŵitteŶt peƌiods of stƌatifiĐatioŶ. As a ƌesult, a Đoŵplete 
dƌaǁdoǁŶ of ŶutƌieŶts takes plaĐe thƌoughout the ǁateƌ ĐoluŵŶ ;GƌeeŶǁood et al., ϮϬϭϭͿ. 
Thus, as shoǁŶ ďǇ the BIX ǀalue, a fƌaĐtioŶ of Fe aŶd Fe-ĐoŵpleǆiŶg ligaŶds Đould ďe 
ĐoŶtƌiďuted fƌoŵ the sediŵeŶt. 
BaĐteƌia iŶ ďoth ŵaƌiŶe aŶd fƌeshǁateƌ sǇsteŵs aƌe kŶoǁŶ to pƌoduĐe sideƌophoƌes 
;HaǇgood et al., ϭϵϵϯ; MaĐƌellis et al., ϮϬϬϭͿ ǁith log K´Fe´L = ͳͳ.ͷ − ͳͳ.ͻ. MaŶǇ of the 
sideƌophoƌes that haǀe ďeeŶ ideŶtified iŶ aƋuatiĐ sǇsteŵs appeaƌ to oƌigiŶate fƌoŵ 
fƌeshǁateƌ ĐǇaŶoďaĐteƌia ;BuŶdǇ et al., ϮϬϭϱ; Ito et al., ϮϬϬϰͿ aŶd heteƌotƌophiĐ ďaĐteƌia 
;Gledhill et al., ϮϬϬϰ; Maǁji et al., ϮϬϭϭͿ. ;BuŶdǇ et al. ϮϬϭϱͿ ƌepoƌted ŵoƌe thaŶ tǁo ligaŶd 
Đlasses iŶ estuaƌiŶe-iŶflueŶĐed shelf ǁateƌs aŶd suggested that ďaĐteƌia Đould ďe laƌgelǇ 
ƌespoŶsiďle foƌ the pƌoduĐtioŶ of sideƌophoƌes iŶ “aŶ FƌaŶĐisĐo BaǇ ĐoŶtƌiďutiŶg foƌ stƌoŶg 
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ligaŶd pool iŶ loǁ saliŶitǇ ǁateƌs ǁheƌeas H“ aĐĐouŶt a sŵall fƌaĐtioŶs of ligaŶds out of total 
ligaŶd pool. UŶlike pƌeǀious studies ǁho ƌepoƌted the pƌoduĐtioŶ of stƌoŶgeƌ Lϭ iŶ situ ;‘ue 
aŶd BƌulaŶd, ϭϵϵϱͿ, ƌeĐeŶt studies suggested the teƌƌestƌial oƌ iŶ situ ŵiĐƌoďial souƌĐes of 
stƌoŶgeƌ Fe-ďiŶdiŶg ligaŶds ;BuŶdǇ et al., ϮϬϭϰͿ. MaƌiŶe sideƌophoƌes, like theiƌ teƌƌestƌial 
ĐouŶteƌpaƌts, haǀe ƌeĐeŶtlǇ ďeeŶ shoǁŶ to plaǇ a dissolutiǀe ƌole iŶ oďtaiŶiŶg Fe fƌoŵ 
paƌtiĐles ;Boƌeƌ et al., ϮϬϬϱͿ, a pƌoĐess ǁhiĐh get eŶhaŶĐed iŶ the pƌeseŶĐe of light aŶd likelǇ 
due to the photoƌeaĐtiǀitǇ of soŵe ŵaƌiŶe sideƌophoƌe fuŶĐtioŶal gƌoups ;Baƌďeau et al., 
ϮϬϬϭ; BuĐk et al., ϮϬϬϳͿ. PƌeseŶĐe of DOM iŶ ouƌ saŵples fƌoŵ ŵiĐƌoďial souƌĐes Đould ďoth 
ďe pƌoduĐed eitheƌ iŶ situ oƌ at loǁ saliŶitǇ ǁateƌs aŶd peƌsisted uŶtil Liǀeƌpool BaǇ.  
 
4.3.8. dFe, Fe-ďiŶdiŶg HS, DOC, TDN aŶd L as a fuŶĐtioŶ of saliŶitǇ 
The ĐoŶĐeŶtƌatioŶs of huŵiĐs deteƌŵiŶed as Fe-H“ ďǇ ǀoltaŵŵetƌǇ ;ŵg /L ǁas 
ĐoŶǀeƌted to ŵg C/L usiŶg a ƌatio of Ϭ.ϱϮ ŵg C/L foƌ eaĐh ŵg of HAͿ, DOC ;ŵg C /LͿ, [LT] ŶM 
aŶd [dFe] ŶM /L aŶd [TDN] ŵg N /L ǁas plotted as a fuŶĐtioŶ of saliŶitǇ ;Fig. ϰ.ϳͿ. As it is 
eǀideŶt fƌoŵ the plot that all of the eŶǀiƌoŶŵeŶtal ǀaƌiaďles ;[Fe-H“], [TDN], [dFe] aŶd [LT]Ϳ 
eǆĐept [DOC] haǀe shoǁŶ ŶoŶ-ĐoŶseƌǀatiǀe ŵiǆiŶg patteƌŶ ǁith saliŶitǇ. The ĐoŶĐeŶtƌatioŶ 
of these ǀaƌiaďles ǁas deĐƌeased ǁith iŶĐƌeasiŶg saliŶitǇ. The dFe aŶd H“ aƌe kŶoǁŶ to Đo-
pƌeĐipitate aĐƌoss saliŶitǇ gƌadieŶts iŶ estuaƌiŶe sǇsteŵs ďut the ŵeasuƌed ligaŶds also 
folloǁed the siŵilaƌ ŵiǆiŶg patteƌŶ as shoǁŶ ďǇ dFe aŶd H“ giǀiŶg aŶ iŶdiĐatioŶ that 
ŵeasuƌed ligaŶds Đould ďe H“. The iƌoŶ also Đo-ǀaƌied ǁith the DOC ďut iŶ a ŶoŶ-liŶeaƌ 




 Figuƌe ϰ.ϳ. CoŶĐeŶtƌatioŶs of huŵiĐs deteƌŵiŶed as Fe-ďiŶdiŶg H“ ďǇ ǀoltaŵŵetƌǇ, [H“] ŵg C /L, [DOC] ŵg 




The Đoŵpaƌaďle ĐoŶditioŶal staďilitǇ ĐoŶstaŶt ǀalue ;ϭϭ.ϵ  Ϭ.ϲ, ϭϭ.ϱ ± Ϭ.ϲͿ oďtaiŶed 
foƌ the ligaŶd Đlass pƌeseŶt iŶ the MeƌseǇ estuaƌǇ aŶd Liǀeƌpool BaǇ ǁas iŶ the ƌaŶge 
ƌepoƌted eaƌlieƌ foƌ teƌƌestƌial huŵiĐ aĐid, teƌƌestƌial H“ aŶd sideƌophoƌes pƌoduĐed ďǇ 
ďaĐteƌia iŶ fƌeshǁateƌ aŶd ŵaƌiŶe eŶǀiƌoŶŵeŶt. The fluoƌesĐeŶĐe data ĐoŶfiƌŵed the 
pƌeseŶĐe of dissolǀed oƌgaŶiĐ ŵatteƌ iŶ these ǁateƌs fƌoŵ teƌƌestƌial aŶd ŵiĐƌoďial oƌigiŶ 
aŶd is laƌgelǇ of ĐoŶstaŶt ĐoŵpositioŶ thƌoughout the estuaƌǇ. This ĐoŶfiƌŵs ouƌ fiŶdiŶg of a 
ĐoŶstaŶt souƌĐe of Fe-ĐoŵpleǆiŶg ligaŶd thƌoughout the estuaƌǇ, ǁhiĐh ǁas fouŶd at eaĐh 
deteĐtioŶ ǁiŶdoǁ aŶd that these ŵiǆed souƌĐes of dissolǀed oƌgaŶiĐ ŵatteƌ ŵight ďe haǀiŶg 
siŵilaƌ ďiŶdiŶg stƌeŶgth foƌ Fe, Đould ďe ƌespoŶsiďle foƌ Fe-speĐiatioŶ iŶ this estuaƌiŶe ǁateƌ. 
The BIX data iŶdiĐated the pƌeseŶĐe of Fe aŶd Fe-ĐoŵpleǆiŶg ligaŶds iŶ MeƌseǇ estuaƌǇ aŶd 
Liǀeƌpool BaǇ fƌoŵ the upǁelliŶg of sediŵeŶts poƌe ǁateƌ. Fƌoŵ the saŵe statioŶs, paƌallel 
saŵples ǁeƌe ĐolleĐted foƌ ĐhaƌaĐteƌizatioŶ of the dissolǀed oƌgaŶiĐ ŵatteƌ ;DOMͿ usiŶg 
state of the aƌt teĐhŶiƋue, eleĐtƌoŶ spƌaǇ ioŶizatioŶ Fouƌieƌ-tƌaŶsfoƌŵ-ioŶ-ĐǇĐlotƌoŶ 
ƌesoŶaŶĐe ;E“I-FT-IC‘Ϳ ŵass speĐtƌoŵetƌǇ ;ŵaŶusĐƌipt iŶ pƌepaƌatioŶͿ ǁhiĐh also ĐoŶfiƌŵed 
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the pƌeseŶĐe of DOM fƌoŵ teƌƌestƌial souƌĐes as ǁell as DOM fluǆ fƌoŵ sediŵeŶt poƌe 
ǁateƌs.  
The ĐoŶĐeŶtƌatioŶ of iƌoŶ-ďiŶdiŶg ligaŶds ;Taďle ϰ.ϯͿ deĐƌeased fƌoŵ ϭϭϴ ŶM at “al 
ϭϴ.ϴ to ϯϱ ŶM at “al ϯϬ.ϵ, ǁith a fuƌtheƌ, steepeƌ, deĐƌease to ϳ.ϱ ŶM foƌ the Liǀeƌpool BaǇ 
saŵple. UŶfoƌtuŶatelǇ, ǁe do Ŷot haǀe a saŵple fƌoŵ loǁeƌ saliŶitǇ ;< ϭϴͿ ďut it is Ƌuite 
possiďle that the ĐoŵpleǆatioŶ ďetǁeeŶ dFe aŶd Fe-ďiŶdiŶg ligaŶds staƌted ŵuĐh eaƌlieƌ iŶ 
loǁ saliŶitǇ ǁateƌs aŶd Fe ƌeŵaiŶed stƌoŶglǇ Đoŵpleǆed to those ligaŶds thƌoughout the 
estuaƌǇ aŶd ƌeŵaiŶed staďle, uŶless ƌeŵoǀed due to floĐĐulatioŶ/Đo-pƌeĐipitatioŶ aloŶg ǁith 
H“. The Liǀeƌpool BaǇ saŵple ǁas takeŶ aďout ϭϱ ŵiles aǁaǇ fƌoŵ the ŵouth of the estuaƌǇ 
iŶ ǁateƌ ǁith ŵuĐh less tidal floǁ: suspeŶded paƌtiĐulate ŵatteƌ ǁas theƌefoƌe laƌgelǇ 
ƌeŵoǀed ďǇ settliŶg aŶd this ǁould haǀe ƌeŵoǀed dissolǀed iƌoŶ aŶd H“ as a ƌesult of 
sĐaǀeŶgiŶg. This eǆplaiŶs the loǁeƌ ĐoŶĐeŶtƌatioŶ of H“, ligaŶds aŶd Fe iŶ this saŵple.  
We used heƌe the appƌoaĐh of ŵultiple aŶalǇtiĐal ǁiŶdoǁs ;MAWͿ iŶ aŶ atteŵpt to 
oďtaiŶ a ďetteƌ estiŵate foƌ the seŶsitiǀitǇ ;“Ϳ at the higheƌ ĐoŶĐeŶtƌatioŶ of the added 
ligaŶd ;AL, ǁhiĐh ǁas heƌe “AͿ. This appƌoaĐh goes ďaĐk to the suggestioŶ that oǀeƌload 
titƌatioŶs ;at ǀeƌǇ high ALͿ ǁould outĐoŵpete Ŷatuƌal ligaŶds aŶd theŶ the peak height 
should iŶĐƌease liŶeaƌlǇ ǁith the added ŵetal ;Kogut aŶd Voelkeƌ, ϮϬϬϭͿ ;heƌe Fe, ďut 
pƌeǀiouslǇ CuͿ. At the tiŵe this ǁas shoǁŶ to ǁoƌk foƌ Cu ĐoŵpleǆatioŶ ǁith huŵiĐ 
suďstaŶĐes, ďut Ŷatuƌal ǁateƌs ĐoŶtaiŶ ligaŶds ;thiolsͿ that ďiŶd Cu ŵuĐh stƌoŶgeƌ ;Lagleƌa 
aŶd ǀaŶ deŶ Beƌg, ϮϬϬϯͿ aŶd ǁhiĐh to soŵe eǆteŶt iŶǀalidate the assuŵptioŶ that the 
ƌespoŶse is goiŶg to ďe liŶeaƌ at high ĐoŶĐeŶtƌatioŶ of “A. Theƌefoƌe the ƌespoŶse still has to 
ďe ĐoƌƌeĐted foƌ uŶ-satuƌatioŶ of L also at high “A. At least ǁith Cu aŶd “A, the seŶsitiǀitǇ 
iŶĐƌeases ǁith the ĐoŶĐeŶtƌatioŶ of “A, so the ŵeasuƌeŵeŶts haǀe a high seŶsitiǀitǇ. 
“iŵilaƌlǇ iŶ this ǁoƌk ǁe ǀaƌied the aŶalǇtiĐal ǁiŶdoǁ ďǇ ǀaƌǇiŶg the ĐoŶĐeŶtƌatioŶ of 
“A ďut iŶ this Đase ǁe ŵeasuƌed the Fe-“A speĐies. At the highest ĐoŶĐeŶtƌatioŶ of [“A], the 
“A should ďe aďle to outĐoŵpete the aŵďieŶt Ŷatuƌal ligaŶds to pƌoduĐe a liŶeaƌ ƌespoŶse 
as fuŶĐtioŶ of the Fe ĐoŶĐeŶtƌatioŶ aŶd thus faĐilitate the ĐaliďƌatioŶ of the seŶsitiǀitǇ “. 
Hoǁeǀeƌ, ďeĐause the ƌespoŶse foƌ Fe ƌelies speĐifiĐallǇ oŶ adsoƌptioŶ of Fe“A, the ƌespoŶse 
goes doǁŶ ǁheŶ [“A] > ϱ µM due to the foƌŵatioŶ of Fe-“AϮ ǁhiĐh is Ŷot eleĐtƌo-aĐtiǀe 
;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. This deĐƌease seƌiouslǇ haŵpeƌs the MAW appƌoaĐh 
foƌ Fe as deŵoŶstƌated iŶ this studǇ. The MAW appƌoaĐh has ďeeŶ shoǁŶ to ďe useful to 
 ϭϰϵ 
 
faĐilitate ĐaliďƌatioŶ of “ ǁheŶ the seŶsitiǀitǇ iŶĐƌeases ǁith [AL] suĐh as foƌ the Cu-“A 
teĐhŶiƋue. This ǁoƌk shoǁs that MAW ŵethod does Ŷot pƌoǀide this adǀaŶtage foƌ the 
sǇsteŵ of Fe-“A due to the deĐƌeasiŶg seŶsitiǀitǇ ǁith iŶĐƌeasiŶg ĐoŶĐeŶtƌatioŶ of “A. 
“eĐoŶdlǇ, the titƌatioŶs at ĐoŶstaŶt ĐoŶĐeŶtƌatioŶs of “A ;siŶgle aŶalǇtiĐal ǁiŶdoǁ ;“AWͿ 
titƌatioŶsͿ gaǀe the saŵe ƌesult ;saŵe ligaŶd ĐoŶĐeŶtƌatioŶ aŶd Đoŵpleǆ staďilitǇͿ as the 
MAW titƌatioŶs. This suggests that the aŵďieŶt ligaŶds iŶ these estuaƌiŶe aŶd Đoastal ǁateƌs 
ǁeƌe doŵiŶated ďǇ just oŶe ligaŶd. Fuƌtheƌŵoƌe the data-fittiŶg usiŶg seǀeƌal appƌoaĐhes 
;data liŶeaƌizatioŶ as ǁell as Đuƌǀe fittiŶg ŵethodsͿ gaǀe the saŵe ƌesult foƌ the 
eǆpeƌiŵeŶtal data, suggestiŶg that the speĐiatioŶ of iƌoŶ is Ƌuite ƌoďust.  
To faĐilitate the use of a high deteĐtioŶ ǁiŶdoǁ to oďtaiŶ a good estiŵate foƌ the 
seŶstiǀitǇ “, it ǁould ďe ĐoŶǀeŶieŶt to use a diffeƌeŶt added ligaŶd that has a higheƌ 




AM ƌeĐeiǀed a sĐholaƌship fƌoŵ the UŶiǀeƌsitǇ of Otago aŶd tƌaǀel suppoƌt fƌoŵ the N) 
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Taďle ϰ.ϭS. FluoƌesĐeŶĐe IŶdiĐes ĐalĐulated foƌ all the suƌfaĐe aŶd suďsuƌfaĐe ǁateƌ saŵples 
aloŶg ǁith DOC aŶd TDN ǀalues ĐolleĐted fƌoŵ the MeƌseǇ estuaƌǇ aŶd Liǀeƌpool BaǇ. 
 
StatioŶs BIX HIX FI DOC ŵg C/L TDN ŵg N/L  
StatioŶ ϭ suƌfaĐe Ϭ,ϳϲ ϭϭ,Ϭϳ ϭ,ϲϬ ϯ,ϱϳ ϰ,Ϯϯ 
StatioŶ Ϯ deep Ϭ,ϳϱ ϭϭ,ϭϬ ϭ,ϵϮ ϯ,ϰϭ ϯ,ϳϳ 
StatioŶ Ϯ SuƌfaĐe Ϭ,ϳϲ ϭϭ,Ϭϲ ϭ,ϱϵ ϯ,ϰϱ ϯ,ϳϳ 
StatioŶ ϯ SuƌfaĐe ND ND ND ϯ,ϯϯ ϯ,ϰϳ 
StatioŶ ϰ deep Ϭ,ϳϱ ϵ,ϱϲ ϭ,ϴϵ Ϯ,ϴϲ Ϯ,ϯϬ 
StatioŶ ϰ SuƌfaĐe Ϭ,ϳϱ ϭϭ,ϳϰ ϭ,ϱϵ Ϯ,ϱϵ Ϯ,Ϯϴ 
StatioŶ ϱ deep Ϭ,ϳϱ ϭϭ,ϭϰ ϭ,ϱϴ Ϯ,ϬϮ ϭ,ϰϮ 
StatioŶ ϱ suƌfaĐe Ϭ,ϳϱ ϭϭ,ϮϬ ϭ,ϱϴ Ϯ,ϭϬ ϭ,ϭϭ 
StatioŶ ϲ deep Ϭ,ϳϲ ϲ,ϳϱ ϭ,ϱϵ ϭ,ϴϬ Ϭ,ϲϬ 
StatioŶ ϲ SuƌfaĐe Ϭ,ϳϱ ϭϭ,Ϯϲ ϭ,ϱϴ ϭ,ϳϰ Ϭ,ϲϬ 
























































5. IDENTIFICATION OF IRON-BINDING SUBSTANCES IN THE 
OCEANS 
 
IƌoŶ-liŵitatioŶ of the pƌiŵaƌǇ pƌoduĐtiǀitǇ iŶ laƌge paƌts of the gloďal oĐeaŶ ;MaƌtiŶ 
aŶd Fitzǁateƌ, ϭϵϴϴͿ ŵakes iƌoŶ aƌguaďlǇ the ŵost iŵpoƌtaŶt tƌaĐe ŵetal iŶ the oĐeaŶ. Its 
ďioaǀailaďilitǇ is ŵediated ďǇ the foƌŵ ;speĐiatioŶͿ iŶ ǁhiĐh the iƌoŶ oĐĐuƌs ;Hassleƌ et al., 
ϮϬϭϭďͿ. “iŵilaƌ iƌoŶ ĐoŶĐeŶtƌatioŶs iŶ the deep PaĐifiĐ aŶd AtlaŶtiĐ ;Billeƌ aŶd BƌulaŶd, ϮϬϭϮͿ 
aƌe ĐoŶsisteŶt ǁith a ŵajoƌ iŵpaĐt of sĐaǀeŶgiŶg, the ƌesidual Fe ďeiŶg ĐoŶtƌolled ďǇ 
ĐoŵpleǆatioŶ ǁith oƌgaŶiĐ ligaŶds ;Völkeƌ aŶd Tagliaďue, ϮϬϭϱͿ. OƌgaŶiĐ ĐoŵpleǆatioŶ plaǇs 
a keǇ ƌole iŶ the geoĐheŵistƌǇ aŶd ďioaǀailaďilitǇ of iƌoŶ ďut suƌpƌisiŶglǇ the ĐoŵpositioŶ of 
the oƌgaŶiĐ ligaŶds ƌespoŶsiďle foƌ the ďiŶdiŶg of Fe is laƌgelǇ uŶkŶoǁŶ. LikelǇ ĐaŶdidates foƌ 
the ideŶtitǇ of Fe-ďiŶdiŶg ligaŶds iŶĐlude sideƌophoƌes ;speĐifiĐ Fe-ďiŶdiŶg ĐoŵpouŶds 
pƌoduĐed ďǇ ďaĐteƌiaͿ ;HutĐhiŶs et al., ϭϵϵϵͿ, eǆopolǇsaĐĐhaƌides ;EP“Ϳ ;Hassleƌ et al., ϮϬϭϭaͿ 
;ƌeleased ďǇ ďaĐteƌiaͿ aŶd huŵiĐ suďstaŶĐes ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ. Heƌe ǁe 
deŵoŶstƌate that iƌoŶ-ďiŶdiŶg huŵiĐ suďstaŶĐes aĐĐouŶt foƌ ϵϱ-ϵϴ % of the uŶkŶoǁŶ 
ligaŶds iŶ the oĐeaŶ aŶd oŶ the shelf. This ƌeǀolutioŶaƌǇ fiŶdiŶg ĐhalleŶges the paƌadigŵ that 
iƌoŶ-ďiŶdiŶg ligaŶds laƌgelǇ oƌigiŶate fƌoŵ iŶ-situ pƌoduĐtioŶ ďǇ ŵiĐƌooƌgaŶisŵs aŶd ŵuĐh 
faĐilitates the ŵodeliŶg of the ďaĐkgƌouŶd ligaŶd ĐoŶĐeŶtƌatioŶ that ĐoŶtƌols the gloďal 
oĐeaŶiĐ distƌiďutioŶ of Fe. 
 
The soluďilitǇ of iŶoƌgaŶiĐ Fe iŶ seaǁateƌ is ~ϭϬ pM due to foƌŵatioŶ of solid Fe-
hǇdƌoǆides ;Liu aŶd Milleƌo, ϭϵϵϵͿ ďut the oǀeƌall soluďilitǇ of Fe is ƌaised to the ŶM leǀel as 
a ƌesult of ĐoŵpleǆatioŶ ǁith dissolǀed oƌgaŶiĐ ŵatteƌ ;Kuŵa et al., ϭϵϵϴͿ.  
OƌgaŶiĐ Fe-ďiŶdiŶg ligaŶds iŶ seaǁateƌ ĐaŶ oƌigiŶate fƌoŵ seǀeƌal souƌĐes iŶĐludiŶg 
ǁaste pƌoduĐts fƌoŵ ŵiĐƌooƌgaŶisŵs, eǆo-Đellulaƌ pƌoduĐts, ďƌeakdoǁŶ pƌoduĐts aŶd 
teƌƌestƌial oƌgaŶiĐs. These oƌgaŶiĐs aƌe eitheƌ iŶ-situ pƌoduĐed ;ŵaƌiŶe oƌigiŶͿ, oƌ deƌiǀed 
fƌoŵ laŶd ;teƌƌestƌial oƌigiŶͿ oƌ ďoth. OƌgaŶiĐ ĐoŵpleǆatioŶ, iŶĐludiŶg ďǇ eǆopolǇŵeƌ 
suďstaŶĐes, affeĐts the aǀailaďilitǇ of Fe to ŵaƌiŶe ŵiĐƌooƌgaŶisŵs ;Hassleƌ et al., ϮϬϭϱͿ. 
MaƌiŶe ŵiĐƌoďes aƌe aŶ oďǀious souƌĐe of ĐhloƌophǇll, heŵe, poƌphǇƌiŶs, thiols, 
phǇtoĐhelatiŶs, sideƌophoƌes aŶd otheƌ ĐoŵpouŶds iŶ the oĐeaŶ ǁateƌ ĐoluŵŶ that aƌe iŶ 




ĐoŵpouŶds aƌe ƌeadilǇ ďƌokeŶ doǁŶ ;Moƌel aŶd PƌiĐe, ϮϬϬϯͿ aŶd it is theƌefoƌe Ŷot at all 
Đleaƌ that aŶǇ oŶe of these ƌeŵaiŶs at suffiĐieŶt leǀels to ďiŶd the Fe iŶ the deepeƌ ǁateƌs. 
“eĐoŶdlǇ these ĐoŵpouŶds oƌigiŶate fƌoŵ the oƌgaŶisŵs aŶd aƌe theƌefoƌe alƌeadǇ 
satuƌated ǁith iƌoŶ aŶd otheƌ ŵetal ioŶs, aŶd ǁould Ŷot ďe a souƌĐe of fƌee ligaŶds. 
Theƌefoƌe it is Ŷot a giǀeŶ that the ŵiĐƌoďes add to the pool of fƌee ligaŶds.  
The ƌesidual ĐoŶĐeŶtƌatioŶ of Fe iŶ the deep oĐeaŶ is iŶ the ƌaŶge of ~Ϭ.ϱ – Ϭ.ϴ ŶM 
;Billeƌ aŶd BƌulaŶd, ϮϬϭϮͿ; ĐoŶsideƌiŶg that sĐaǀeŶgiŶg aĐts oŶ Fe thƌoughout the oĐeaŶiĐ 
ǁateƌ ĐoluŵŶ, the ligaŶd ĐoŶĐeŶtƌatioŶ ĐaŶ ďe eǆpeĐted to ďe gƌeateƌ thaŶ that of the 
ƌesidual Fe, suggestiŶg a ďaĐkgƌouŶd ĐoŶĐeŶtƌatioŶ of ligaŶds of peƌhaps ~ϭ ŶM oƌ ŵoƌe. 
Data oŶ iƌoŶ-ďiŶdiŶg ligaŶds is still sĐaƌĐe ďut ĐoŶĐeŶtƌatioŶs haǀe ďeeŶ fouŶd of ~ϭ-Ϯ ŶM iŶ 
oĐeaŶ ǁateƌs ;BoǇe et al., ϮϬϬϲ; IďisaŶŵi et al., ϮϬϭϭ; ‘ue aŶd BƌulaŶd, ϭϵϵϱͿ ǁhiĐh aƌe 
ĐoŶsisteŶt ǁith the ďaĐkgƌouŶd Fe ĐoŶĐeŶtƌatioŶ iŶ the deep ǁateƌs. Whilst the 
sideƌophoƌes aŶd the EP“ ŵaǇ ďe pƌoduĐed iŶ-situ, the huŵiĐs aƌe ďǇ Ŷatuƌe fƌoŵ teƌƌestƌial 
oƌigiŶ iŶ ǀieǁ of theiƌ high ĐoŶĐeŶtƌatioŶ iŶ estuaƌiŶe ǁateƌs ;Lagleƌa aŶd ǀaŶ deŶ Beƌg, 
ϮϬϬϵͿ, aŶd deĐƌeasiŶg fluoƌesĐeŶt huŵiĐ ŵatteƌ ǁith iŶĐƌeasiŶg saliŶitǇ ;“tolpe et al., ϮϬϭϰͿ. 
KŶoǁiŶg the ĐoŵpositioŶ of the ŵost iŵpoƌtaŶt ligaŶds ǁould ŵuĐh faĐilitate ŵodeliŶg the 
gloďal oĐeaŶiĐ iƌoŶ distƌiďutioŶ aŶd possiďle effeĐts of gloďal ĐhaŶge ;pH aŶd ǁaƌŵiŶgͿ oŶ 
iƌoŶ aǀailaďilitǇ aŶd its geoĐheŵistƌǇ. 
UsiŶg Ŷeǁ ŵethods, deǀeloped oƌ updated iŶ ouƌ laďoƌatoƌǇ, ǁe haǀe deteƌŵiŶed the 
ĐoŶĐeŶtƌatioŶs of iƌoŶ-ĐoŵpleǆiŶg ligaŶds aŶd huŵiĐ suďstaŶĐes iŶ a tƌaŶseĐt iŶ ĐoŶtiŶeŶtal 
shelf ǁateƌs aŶd iŶ a pƌofile of the ǁateƌ ĐoluŵŶ of the NE AtlaŶtiĐ. UsiŶg these ŵethods it 
has pƌeǀiouslǇ ďeeŶ deŵoŶstƌated that iƌoŶ aŶd Đoppeƌ aƌe assoĐiated ǁith huŵiĐ 
suďstaŶĐes iŶ estuaƌiŶe aŶd Ŷeaƌ-Đoastal ǁateƌs ;Aďualhaija et al., ϮϬϭϱ; Lagleƌa et al., ϮϬϬϳ; 
WhitďǇ aŶd ǀaŶ deŶ Beƌg, ϮϬϭϱͿ, aŶd that the iƌoŶ ďiŶdiŶg huŵiĐ speĐies aƌe tƌaŶspoƌted 
fƌoŵ the estuaƌǇ to the sea at a steadilǇ diŵiŶishiŶg ĐoŶĐeŶtƌatioŶ ;Lagleƌa aŶd ǀaŶ deŶ 
Beƌg, ϮϬϬϵͿ. FluoƌesĐeŶĐe data suggests that huŵiĐ-like ĐoŵpouŶds oĐĐuƌ ǁidespƌead iŶ 
oĐeaŶ ǁateƌs ;Helleƌ et al., ϮϬϭϯͿ. If these ĐoŵpouŶds aƌe the saŵe as the iƌoŶ-ďiŶdiŶg 
huŵiĐs fouŶd iŶ estuaƌiŶe ǁateƌs, theŶ poteŶtiallǇ these aƌe aŶ iŵpoƌtaŶt ligaŶd oĐeaŶ-
ǁide.  
The saliŶitǇ ƌaŶge of the shelf saŵples ǁas Ŷaƌƌoǁ ;ďetǁeeŶ ϯϱ.Ϯ aŶd ϯϱ.ϲͿ, shoǁiŶg 




ĐoŶĐeŶtƌatioŶs ǁeƌe ďetǁeeŶ Ϭ.Ϯϰ aŶd Ϭ.ϵϯ ŶM ;Taďle ϱ.ϭ“Ϳ, ŵoƌe siŵilaƌ to oĐeaŶ ǁateƌs 
thaŶ Đoastal ǁateƌs although theǇ ǁeƌe ĐolleĐted oǀeƌ the shelf fƌoŵ a depth of ~ϯ ŵ iŶ a 
ǁateƌ depth of ~ϭϬϬ ŵ. CoŶĐeŶtƌatioŶs at the ďegiŶŶiŶg aŶd eŶd of the tƌaŶseĐt ǁeƌe 
soŵeǁhat higheƌ thaŶ iŶ ďetǁeeŶ ;Fig. ϱ.ϭͿ. The loǁ ĐoŶĐeŶtƌatioŶs of iƌoŶ suggest that the 
ǁateƌ ǁas ƌeĐeŶtlǇ pushed oŶto the shelf ǁith little histoƌǇ of sediŵeŶtaƌǇ iŶputs.  
 
Figure 5.1. Concentrations of Fe and Fe- binding ligands (nM) in the shelf samples as function of sample 
number 
 
IƌoŶ ďiŶdiŶg ligaŶd ĐoŶĐeŶtƌatioŶs ǁeƌe ďetǁeeŶ Ϭ.ϳ aŶd ϯ.ϭ ŶM ;Taďle ϱ.ϭ“Ϳ, aŶd 
gƌeateƌ thaŶ the iƌoŶ ĐoŶĐeŶtƌatioŶ iŶ all saŵples. The ligaŶd ĐoŶĐeŶtƌatioŶ iŶ eǆĐess of the 
iƌoŶ ĐoŶĐeŶtƌatioŶ ǁas aďout ϭ.ϭ ± Ϭ.ϱ ŶM. The eǆĐess ǁas Ŷot ĐoŶstaŶt, the diffeƌeŶĐe 
ďeiŶg gƌeateƌ at the ďegiŶŶiŶg aŶd eŶd of the saŵple seƌies, ǁheƌe the Fe ĐoŶĐeŶtƌatioŶ ǁas 
higheƌ too ;Fig. ϱ.ϭͿ. A possiďle ƌeasoŶ foƌ this is the sĐaǀeŶged ďehaǀiouƌ of Fe: the Fe is 
sĐaǀeŶged eitheƌ ďeĐause its iŶoƌgaŶiĐ speĐies ;Fe͛Ϳ eǆĐeeds the soluďilitǇ liŵit of ~ϭϬ pM, oƌ 
ďeĐause it is takeŶ up ďǇ ŵiĐƌo-oƌgaŶisŵs, oƌ ďeĐause it adsoƌďs oŶ siŶkiŶg paƌtiĐulate 
ŵateƌial. All these pƌoĐesses aƌe ƌeaĐtiŶg ǁith iŶoƌgaŶiĐ Fe aŶd theƌefoƌe teŶd to sloǁ doǁŶ 



























ƌesidual Fe ǁith higheƌ ligaŶd ĐoŶĐeŶtƌatioŶs ǁheŶ the Fe is ďeiŶg sĐaǀeŶged. This 
hǇpothesis is suppoƌted ďǇ Đo-ǀaƌiatioŶ ďetǁeeŶ the iƌoŶ aŶd ligaŶd ĐoŶĐeŶtƌatioŶs ǁith a 
slope of ~Ϭ.ϮϳϬ.Ϭϱ ;Fig. ϱ.Ϯ“Ϳ, ǁhiĐh suggests that the ƌesidual ĐoŶĐeŶtƌatioŶ of Fe iŶ the 
shelf ǁateƌs is ĐoŶtƌolled ďǇ the ligaŶd ĐoŶĐeŶtƌatioŶ. The ƌatio of ligaŶd oǀeƌ Fe iŶ the shelf 
ǁateƌs ǁas ϯ.ϭ  Ϭ.ϵ iŶdiĐatiŶg a sigŶifiĐaŶt eǆĐess of ligaŶd oǀeƌ ŵetal, suffiĐieŶt to ƌetaiŶ 
Fe iŶ a Đoŵpleǆed state. The aǀeƌage ĐoŶĐeŶtƌatioŶ of iŶoƌgaŶiĐ iƌoŶ ;Fe͛Ϳ iŶ the shelf ǁateƌs 
ǁas ϯ.Ϯ  ϭ.ϭ pM aŵouŶtiŶg to Ϭ.ϲ % of the aǀeƌage ĐoŶĐeŶtƌatioŶ of iƌoŶ of Ϭ.ϱ  Ϭ.Ϯ ŶM, 
ǁhiĐh ǁas ϯϭ% of the aǀeƌage ligaŶd ĐoŶĐeŶtƌatioŶ of ϭ.ϲ  Ϭ.ϲ ŶM.  
 
5.1. IƌoŶ ďiŶdiŶg ligaŶds iŶ the AtlaŶtiĐ ǁateƌ ĐoluŵŶ 
The distƌiďutioŶ of Fe iŶ the ǁateƌ ĐoluŵŶ of the AtlaŶtiĐ ;Fig. ϱ.Ϯ aŶd Taďle ϱ.Ϯ“Ϳ 
shoǁs Fe geŶeƌallǇ iŶĐƌeasiŶg ǁith depth ďetǁeeŶ Ϭ.ϭϬ aŶd Ϭ.ϲϱ ŶM, iŶ agƌeeŵeŶt ǁith 
otheƌ data foƌ these ǁateƌs ;GeƌƌiŶga et al., ϮϬϭϱͿ. The Fe iŶ the fƌozeŶ saŵples ǁas ϭ – ϴ % 
less thaŶ iŶ the aĐidified saŵples ;Fig. ϱ.ϮAͿ, Đaused ďǇ adsoƌptioŶ oŶ the ǁall of the ďottles 
ĐoŶtaiŶiŶg the uŶaĐidified fƌozeŶ saŵples ;GeƌƌiŶga et al., ϮϬϭϰͿ. Apaƌt fƌoŵ this sŵall 
sǇsteŵatiĐ diffeƌeŶĐe the agƌeeŵeŶt is ǀeƌǇ good ĐoŶsideƌiŶg that the iƌoŶ ǁas deteƌŵiŶed 
ďǇ tǁo diffeƌeŶt teĐhŶiƋues aŶd laďoƌatoƌies. 
The ligaŶd ĐoŶĐeŶtƌatioŶ iŶ the ǁateƌ ĐoluŵŶ ǁas ďetǁeeŶ ϭ.ϰϱ aŶd Ϯ.ϭϯ ŶM ;Fig. 
ϱ.ϮA aŶd Taďle ϱ.Ϯ“Ϳ. These ligaŶd ĐoŶĐeŶtƌatioŶs aƌe Ŷot uŶusual foƌ oĐeaŶ ǁateƌs ;BoǇe et 
al., ϮϬϬϲ; BoǇe et al., ϮϬϬϭ; BuĐk et al., ϮϬϭϱͿ aŶd siŵilaƌ to those fouŶd iŶ ŶeaƌďǇ AtlaŶtiĐ 
ǁateƌs ;BoǇe et al., ϮϬϬϲ; BoǇe et al., ϮϬϬϭ; BuĐk et al., ϮϬϭϱ; GeƌƌiŶga et al., ϮϬϭϱͿ. The 
ligaŶd deteƌŵiŶatioŶs ǁeƌe uŶeƋuiǀoĐal iŶ that theǇ Đould ďe fitted to oŶlǇ a siŶgle ligaŶd iŶ 
all saŵples of the AtlaŶtiĐ ǁateƌ ĐoluŵŶ aŶd the shelf. The staŶdaƌd deǀiatioŶ of the ligaŶd 
ĐoŶĐeŶtƌatioŶs ǁas Ϭ.Ϭϴ ŶM at ligaŶd ĐoŶĐeŶtƌatioŶs of ϭ.ϳ ŶM, suggestiŶg a liŵit of 
deteĐtioŶ of < Ϭ.Ϯ ŶM. Eǆaŵple titƌatioŶs aŶd the data liŶeaƌizatioŶ as eǀideŶĐe foƌ the 
pƌeseŶĐe of oŶlǇ oŶe ligaŶd aƌe shoǁŶ iŶ Fig. ϱ.ϯ“.  
The Đoŵpleǆ staďilitǇ ĐaŶ ďe used to see if theƌe aƌe ĐhaŶges iŶ the ligaŶd ĐoŵpositioŶ 
ďetǁeeŶ the shelf aŶd the opeŶ oĐeaŶ, oƌ fƌoŵ the suƌfaĐe to the deep. The Đoŵpleǆ 
staďilitǇ of the Fe speĐies iŶ the AtlaŶtiĐ aŶd oǀeƌ the shelf is ideŶtiĐal ǁithiŶ a Ŷaƌƌoǁ ƌaŶge 




suggests that the saŵe ligaŶd doŵiŶate the iƌoŶ speĐiatioŶ ;foƌ iƌoŶ iŶ eǆĐess of Ϭ.Ϯ ŶMͿ iŶ 
the eŶtiƌe ǁateƌ ĐoluŵŶ aŶd also iŶ the shelf ǁateƌs ϮϬϬϬ ŵiles aǁaǇ. The Đoŵpleǆ staďilitǇ 
is siŵilaƌ to that ;ϭϭ.ϭ to ϭϭ.ϲͿ foƌ ƌefeƌeŶĐe huŵiĐ suďstaŶĐes ;ƌiǀeƌiŶe oƌigiŶͿ added to 
seaǁateƌ ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰ; Lagleƌa aŶd ǀaŶ deŶ Beƌg, ϮϬϬϵͿ, aŶd foƌ 
huŵiĐ-like suďstaŶĐes fouŶd iŶ estuaƌiŶe ǁateƌs ;ϭϭ.ϭ to ϭϭ.ϵͿ ;Aďualhaija et al., ϮϬϭϱ; 
BatĐhelli et al., ϮϬϭϬͿ aŶd ;ϭϬ.ϰ-ϭϭ.ϭͿ foƌ eǆopolǇŵeƌiĐ suďstaŶĐes isolated fƌoŵ oĐeaŶ 
ǁateƌs ;Hassleƌ et al., ϮϬϭϱͿ, a stƌoŶg siŵilaƌitǇ ďetǁeeŶ the ligaŶds iŶ the AtlaŶtiĐ aŶd the 
shelf aŶd huŵiĐ aĐid-like suďstaŶĐes ǁith the eǀideŶĐe Đoŵes fƌoŵ the siŵilaƌitǇ ďetǁeeŶ 
the ĐoŶĐeŶtƌatioŶs of the iƌoŶ-ďiŶdiŶg ligaŶds aŶd the huŵiĐs suggests that the huŵiĐ 
suďstaŶĐes ŵaǇ aĐĐouŶt foƌ the laƌge fƌaĐtioŶ of iƌoŶ-ďiŶdiŶg ligaŶds. The ĐoŶĐeŶtƌatioŶ of 
iŶoƌgaŶiĐ iƌoŶ ;Fe͛Ϳ ǁas fouŶd to iŶĐƌease fƌoŵ Ϭ.ϰ pM at a depth of Ϯϲ ŵͿ to ϯ.ϯ pM at a 
depth of ϯϯϰϲ ŵ ;Fig. ϱ.ϮBͿ; the iŶĐƌease ǁas ƌegulaƌ apaƌt fƌoŵ tǁo outlieƌs of aƌouŶd ϯ pM 
at iŶteƌŵediate depth. This iŶĐƌease is dƌiǀeŶ ďǇ the iŶĐƌease iŶ dissolǀed Fe fƌoŵ Ϭ.ϭ ŶM at 
the suƌfaĐe to Ϭ.ϳ ŶM iŶ the deep ǁateƌ. The ďaĐkgƌouŶd ĐoŶĐeŶtƌatioŶ of Ϭ.ϰ aŶd Ϭ.ϲ pM 
Fe͛ iŶ the suƌfaĐe ǁateƌs aƌe ƌeleǀaŶt ďeĐause Đultuƌe eǆpeƌiŵeŶts haǀe shoǁŶ that oĐeaŶiĐ 
diatoŵs aƌe iŶhiďited ǁheŶ Fe͛ < ϯ pM ;“uŶda aŶd HuŶtsŵaŶ, ϭϵϵϱͿ. The loǁ ĐoŶĐeŶtƌatioŶ 
of Fe͛ ǁould suppoƌt the suggestioŶ that theƌe is iƌoŶ-liŵitatioŶ iŶ this ƌegioŶ ;Mohaŵed et 
al., ϮϬϭϭͿ, uŶless the oƌgaŶiĐallǇ ďouŶd iƌoŶ is ŵade aǀailaďle as a ƌesult of photoĐheŵiĐal 
ƌeduĐtioŶ. 
 
5.2. CoŵpaƌisoŶ of the ĐoŶĐeŶtƌatioŶ of iƌoŶ-ďiŶdiŶg ligaŶds aŶd huŵiĐs 
We deteƌŵiŶed the ĐoŶĐeŶtƌatioŶ of iƌoŶ-ďiŶdiŶg huŵiĐ suďstaŶĐes iŶ the saŵe 
saŵples as used foƌ the speĐiatioŶ studǇ, usiŶg aŶ iŶdepeŶdeŶt ŵethod ŵakiŶg use of the 
ǀoltaŵŵetƌiĐ ƌespoŶse that is speĐifiĐ foƌ the huŵiĐs iŶ pƌeseŶĐe of eǆĐess iƌoŶ. The 
ĐoŶĐeŶtƌatioŶ of huŵiĐ suďstaŶĐes iŶ the AtlaŶtiĐ ǁas fouŶd to ĐloselǇ folloǁ that of the 
ligaŶds ;Fig. ϱ.ϮAͿ shoǁiŶg that the huŵiĐs aƌe suďjeĐt to the saŵe souƌĐe;sͿ aŶd siŶk;sͿ as 
the uŶkŶoǁŶ iƌoŶ ďiŶdiŶg ligaŶds, aŶd oŶ the ǁhole the ĐoŶĐeŶtƌatioŶ of iƌoŶ-ďiŶdiŶg 





























A diagƌaŵ of the iƌoŶ-ďiŶdiŶg huŵiĐs as fuŶĐtioŶ of the ligaŶd ĐoŶĐeŶtƌatioŶ ;Fig. ϱ.ϯͿ 
shoǁs stƌaight liŶes ǁith a slope of Ϭ.ϵϴϬ.Ϭϰ foƌ the shelf saŵples aŶd of Ϭ.ϵϱϬ.Ϭϯ foƌ the 
AtlaŶtiĐ saŵples. The tǁo data sets oǀeƌlap, ǁith the shelf saŵples ĐoǀeƌiŶg a laƌgeƌ ƌaŶge 
;Fig. ϱ.ϯͿ. The ƌelatioŶship ďetǁeeŶ the ĐoŶĐeŶtƌatioŶ of iƌoŶ-ďiŶdiŶg huŵiĐs aŶd 
ĐoŵpleǆiŶg ligaŶds is ǀeƌǇ Đlose, aŶd the ĐoŶĐeŶtƌatioŶ of the iƌoŶ-ďiŶdiŶg huŵiĐs ĐaŶ 









































Figure 5.2. A) Concentrations of Fe, Fe binding humics and Ligands (nM scale) as function of sampling depth 





Figure 5.3. Comparison between concentration of Fe-binding humics (HS) (nM scale) and the concentration of 
Fe-binding ligands (L) (nM) in the Shelf and Atlantic samples. The Fe-binding ligand concentration is virtually 
the same as the concentration of Fe-binding humics in the Shelf and Atlantic samples. 
 
IŶ ǀieǁ of the sǇsteŵatiĐ diffeƌeŶĐe ďetǁeeŶ the distƌiďutioŶ of the ligaŶds aŶd the 
huŵiĐs iŶ the oĐeaŶiĐ ǁateƌ ĐoluŵŶ ;Fig. ϱ.ϮAͿ it is possiďle to asĐƌiďe the diffeƌeŶĐe ;ϰϬ ±ϯϬ 
pMͿ to a loǁ ĐoŶĐeŶtƌatioŶ of ligaŶds siŵilaƌ to sideƌophoƌes, ǁhiĐh ǁeƌe Ŷot deteĐted ďǇ 
the titƌatioŶs. LigaŶds iŶ this ĐoŶĐeŶtƌatioŶ ƌaŶge ;<Ϭ.Ϯ ŶMͿ ǁould haǀe ďeeŶ ŵissed ďǇ the 
ŵethod used heƌe if theiƌ ĐoŶĐeŶtƌatioŶ ǁas less thaŶ that of iƌoŶ. EǆpeƌiŵeŶts usiŶg 
additioŶs up to ϰ ŶM of desfeƌƌioǆaŵiŶe-B as aŶ eǆaŵple of a sideƌophoƌe shoǁed that 
these did Ŷot pƌoduĐe a huŵiĐ-like sigŶal suggestiŶg that sideƌophoƌe-like suďstaŶĐes 
;thought to oĐĐuƌ at ~ϮϬ pM leǀels ;Maǁji et al., ϮϬϬϴͿͿ ǁould Ŷot haǀe ďeeŶ deteĐted ďǇ 
the ǀoltaŵŵetƌiĐ teĐhŶiƋue used, aŶd Đould still ďe ĐoŶtƌolliŶg a sigŶifiĐaŶt fƌaĐtioŶ of the 
iƌoŶ.  
y = (0.98±0.04)x + (0.04±0.07) 







































The slightlǇ higheƌ eǆĐess ligaŶd ĐoŶĐeŶtƌatioŶ iŶ suƌfaĐe ǁateƌs ;Fig. ϱ.ϮͿ ĐaŶ ďe 
asĐƌiďed to ďiologiĐal aĐtiǀitǇ as ŵiĐƌoďes appaƌeŶtlǇ take up Fe ďut Ŷot the ligaŶds. It has 
ďeeŶ suggested that stƌoŶg ligaŶds aƌe pƌoduĐed iŶ situ ďǇ ďiologiĐal pƌoduĐtioŶ, ǁheƌeas 
ǁeak ligaŶds aƌe fƌoŵ teƌƌestƌial souƌĐes, degƌadatioŶ pƌoduĐt ƌeleased fƌoŵ the 
deĐoŵpositioŶ of oƌgaŶiĐ ŵatteƌ, photolǇsis of soŵe high affiŶitǇ stƌoŶg ligaŶds ;suĐh as 
sideƌophoƌesͿ aŶd ďioŵiŶeƌalisatioŶ pƌoduĐts ;HuŶteƌ aŶd BoǇd, ϮϬϬϳ; ‘ue aŶd BƌulaŶd, 
ϭϵϵϱͿ. ;BuŶdǇ et al., ϮϬϭϱͿ suggested that the ďiologiĐal pƌoduĐtioŶ iŶ “aŶ FƌaŶĐisĐo ďaǇ is 
laƌgelǇ ƌespoŶsiďle foƌ a stƌoŶg ligaŶd pool ǁheƌeas huŵiĐ suďstaŶĐes aĐĐouŶt foƌ a sŵall 
fƌaĐtioŶ out of the total ligaŶd pool. Hoǁeǀeƌ, ouƌ ŵeasuƌeŵeŶts do Ŷot suppoƌt the 
pƌeseŶĐe of ŵoƌe thaŶ oŶe ligaŶd. 
Although this ǁoƌk shoǁs that H“ aƌe laƌgelǇ ƌespoŶsiďle foƌ iƌoŶ ĐoŵpleǆatioŶ, it is 
Ŷot Đleaƌ fƌoŵ ǁheƌe the H“ oƌigiŶate. Theiƌ distƌiďutioŶ thƌoughout the ǁateƌ ĐoluŵŶ 
suggests theǇ aƌe ƌeĐalĐitƌaŶt ;Ŷot ƌeadilǇ ďƌokeŶ doǁŶͿ. TheǇ Đould ďe fƌoŵ ŵiĐƌoďial 
ďƌeakdoǁŶ, oƌ oƌgaŶiĐ ŵatteƌ iŶ the sea, oƌ fƌoŵ laŶd. Also it Đould ďe that ŵaƌiŶe huŵiĐ 
suďstaŶĐes aƌe pƌoduĐed iŶ situ ďǇ ďiologiĐal pƌoduĐtioŶ ;i.e. eǆopolysaccharides) in addition 
to terrestrial humics and indistinguishable from these. It is possiďle that the C“V ŵethod foƌ 
the deteƌŵiŶatioŶ of Fe-H“ is Ŷot speĐifiĐ to huŵiĐ suďstaŶĐes, as aŶǇ otheƌ ligaŶd ;ǁith a 
siŵilaƌ ĐoŵpleǆatioŶ pƌopeƌtǇ as that of the H“Ϳ Đould ďe eleĐtƌoĐheŵiĐallǇ aĐtiǀe ǁith the 
additioŶ of iƌoŶ aŶd giǀe a ǀoltaŵŵetƌiĐ ƌespoŶse siŵilaƌ to H“, ǁhiĐh Đould oǀeƌlap ǁith 
the H“ ƌespoŶse. Fuƌtheƌ ǁoƌk is ƌeƋuiƌed to studǇ the assoĐiatioŶ ďetǁeeŶ Fe, humic 
substances and any other ligand (such as EPS) expected to give a humic like response and 
the contribution of this ligaŶd to Fe-binding ligands, and secondly, to identify the main 
sources of these HS-like ligands. 
The ideŶtifiĐatioŶ of the pƌedoŵiŶaŶt iƌoŶ-ďiŶdiŶg ligaŶds as huŵiĐ suďstaŶĐes 
suggests that speĐifiĐ iƌoŶ-ďiŶdiŶg ĐoŵpouŶds ;sideƌophoƌesͿ pƌoduĐed ďǇ ďaĐteƌia ŵaǇ 
ĐoŶtƌiďute foƌ oŶlǇ sŵall fƌaĐtioŶ of the ligaŶds iŶ the oĐeaŶs aŶd shelf, ǁheƌeas the huŵiĐs 
plaǇ the ĐoŶtƌolliŶg ƌole ǁith ƌespeĐt to the soluďilitǇ aŶd gloďal tƌaŶspoƌt of iƌoŶ, aŶd also 
ǁith ƌespeĐt to the geŶeƌal ĐheŵistƌǇ of iƌoŶ. Hoǁeǀeƌ, it is Ŷot Đleaƌ if the H“ aƌe fƌoŵ 







The ƌeseaƌĐh of Mahŵoud Aďualhajia ǁas fuŶded ďǇ the UŶiǀeƌsitǇ of JoƌdaŶ. MiĐha 
‘ijkeŶďeƌg ǁas fuŶded ďǇ the DutĐh NatioŶal Pƌogƌaŵ foƌ “ea aŶd Coastal ‘eseaƌĐh ;)KO, 


























5.3. Method seĐtioŶ 
5.3.1. DeteƌŵiŶatioŶ of the iƌoŶ ĐoŵpleǆiŶg ligaŶd ĐoŶĐeŶtƌatioŶs 
IƌoŶ aŶd iƌoŶ-ĐoŵpleǆiŶg ligaŶds ǁeƌe deteƌŵiŶed ďǇ ĐathodiĐ stƌippiŶg ǀoltaŵŵetƌǇ 
;C“VͿ iŶ the pƌeseŶĐe of saliĐǇlaldoǆiŵe ;“AͿ usiŶg a ŶeǁlǇ optiŵised ŵethod ;Aďualhaija 
aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. IŶ ďƌief: appƌoǆiŵatelǇ ϭϲϬ ŵl saŵple ǁas pƌe-ŵiǆed ǁith Ϭ.Ϭϭ M 
ďoƌate ďuffeƌ aŶd ϱ µM “A. ϭϬ ŵl aliƋuots of the solutioŶ ǁeƌe pipetted iŶto ϭϰ ϭϱ-ŵL PFA 
;peƌfluoƌoalkoǆǇ alkaŶeͿ ;“aǀilleǆ, Cole-PaƌŵeƌͿ ǀials ǁith lid, ĐoŶtaiŶiŶg Fe additioŶs fƌoŵ Ϭ 
ŶM to ϭϬ ŶM. These ǁeƌe theŶ left to eƋuiliďƌate oǀeƌŶight. The laďile Fe ĐoŶĐeŶtƌatioŶ ǁas 
theŶ deteƌŵiŶed ďǇ C“V iŶ a PTFE ǀoltaŵŵetƌiĐ Đell usiŶg ϭϮϬ oƌ ϭϴϬs depositioŶ tiŵe. The 
depositioŶ poteŶtial ǁas Ϭ V, folloǁed ďǇ the sĐaŶ to -ϭ V. The PFA “aǀilleǆ ǀials ǁeƌe 
ĐoŶditioŶed to the titƌatioŶs ďǇ settiŶg up aŶd disĐaƌdiŶg the fiƌst titƌatioŶ ϯ tiŵes. The 
fouƌth oŶe ǁas ŵeasuƌed aŶd ǁas ƌepeated to ĐheĐk foƌ fuƌtheƌ iŵpƌoǀeŵeŶt. The 
ǀoltaŵŵetƌiĐ Đell ǁas ĐoŶditioŶed ϯ tiŵes ǁith seaǁateƌ ǁith “A ǁithout added Fe pƌioƌ to 
the staƌt of eaĐh titƌatioŶ. The oǀeƌŶight eƋuiliďƌatioŶ is esseŶtial to pƌeǀeŶt possiďle 
oǀeƌestiŵatioŶ of the Đoŵpleǆ staďilitǇ aŶd iŶĐoƌƌeĐt data fittiŶg: a shoƌt eƋuiliďƌatioŶ tiŵe 
of ďetǁeeŶ ϭϱ aŶd ϯϬ ŵiŶ as used iŶ soŵe ƌeĐeŶt ǁoƌk ;BuĐk et al., ϮϬϭϱ; BuŶdǇ et al., 
ϮϬϭϰͿ Đould ďe the ƌeasoŶ foƌ ŶoŶ-liŶeaƌitǇ iŶ the data tƌeatŵeŶt, iŶĐoƌƌeĐtlǇ suggestiŶg the 
pƌeseŶĐe of ŵoƌe thaŶ oŶe ligaŶd due to sloǁ dissoĐiatioŶ of FeL. 
Data iŶteƌpƌetatioŶ ǁas usiŶg the ǀaŶ deŶ Beƌg/‘uziĐ liŶeaƌizatioŶ pƌoĐeduƌe ;‘uziĐ, 
ϭϵϴϮ; ǀaŶ deŶ Beƌg, ϭϵϴϮͿ ǁith ĐoƌƌeĐtioŶ of the seŶsitiǀitǇ foƌ uŶdeƌ-satuƌatioŶ of the 
ligaŶd ;TuƌoĐzǇ aŶd “heƌǁood, ϭϵϵϳͿ. A fiƌst estiŵate foƌ “ ǁas fƌoŵ the last thƌee data 
poiŶts ǁhiĐh ǁas suďseƋueŶtlǇ ĐoƌƌeĐted iŶ aŶ iteƌatiǀe ŵaŶŶeƌ foƌ ligaŶd uŶdeƌ-satuƌatioŶ. 
Coŵpaƌatiǀe ĐalĐulatioŶs ǁeƌe Đaƌƌied out usiŶg alteƌŶatiǀe ŵodeliŶg softǁaƌe ;MCCͿ 
;OŵaŶoǀić et al., ϮϬϭϱͿ. CoŶĐeŶtƌatioŶs of iŶoƌgaŶiĐ iƌoŶ ;Fe͛Ϳ ǁeƌe ĐalĐulated usiŶg a 
ƋuadƌatiĐ eƋuatioŶ fƌoŵ the deteƌŵiŶed ĐoŶĐeŶtƌatioŶs of the ligaŶds, iƌoŶ ĐoŶĐeŶtƌatioŶ 
aŶd the Đoŵpleǆ staďilitǇ. 
The titƌatioŶs ǁeƌe iŶteƌpƌeted usiŶg ŶeǁlǇ Đaliďƌated ǀalues foƌ the Đoŵpleǆ staďilitǇ 
of Fe“A aŶd Fe“AϮ ;log K′Fe′“A = ϲ.ϱϮ aŶd log B′Fe′“AϮ = ϭϬ.ϳϮ oŶ the sĐale of Fe͛ ;Aďualhaija aŶd 
ǀaŶ deŶ Beƌg, ϮϬϭϰͿ. A ǀalue of ϭϬϭϬ ǁas used foƌ the side ƌeaĐtioŶ ĐoeffiĐieŶt of iŶoƌgaŶiĐ 
ĐoŵpleǆatioŶ of Fe iŶ seaǁateƌ of pHNB“ ϴ.ϭϴ. The optiŵised eǆpeƌiŵeŶtal ĐoŶditioŶs iŶĐlude 




the pH ǁas staďilised ďǇ the ĐaƌďoŶate sǇsteŵ at pHNB“ ϴ.ϭϴ foƌ seaǁateƌ iŶ aiƌ-eƋuiliďƌiuŵ 
;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ, iŶ additioŶ to aŶ added ďoƌate/aŵŵoŶia ďuffeƌ ǁhiĐh 
had ďeeŶ set to the saŵe pH. The ŵeasuƌeŵeŶt ĐoŶditioŶs ǁeƌe theƌefoƌe ĐoŶsisteŶt ǁith 
the Đaliďƌated ĐoŶditioŶs aŶd the ƌesults ƌepƌoduĐiďle.  
 
5.3.2. DeteƌŵiŶatioŶ of iƌoŶ-ďiŶdiŶg huŵiĐ ĐoŶĐeŶtƌatioŶs 
The ĐoŶĐeŶtƌatioŶ of iƌoŶ-ďiŶdiŶg huŵiĐ suďstaŶĐes ǁas deteƌŵiŶed ďǇ aŶ 
iŶdepeŶdeŶt C“V ŵethod ;Lagleƌa et al., ϮϬϬϳͿ . ϱϬ ŶM Fe ǁas added to satuƌate the huŵiĐs 
aŶd ŵeasuƌeŵeŶt ǁas at the Ŷatuƌal pH of seaǁateƌ iŶ the pƌeseŶĐe of aiƌ, ďoƌate/aŵŵoŶia 
ďuffeƌ, aŶd Ϭ.ϰ M ďƌoŵate. CaliďƌatioŶ ǁas ďǇ staŶdaƌd additioŶs of “uǁaŶŶee ‘iǀeƌ huŵiĐ 
aĐid ;“‘HAͿ ƌefeƌeŶĐe ŵateƌial ;“taŶdaƌd II Ϯ“ϭϬϭHͿ. The depositioŶ poteŶtial ǁas Ϭ V, aŶd 
the depositioŶ tiŵe ǁas ďetǁeeŶ ϭϮϬ aŶd ϭϴϬ s. The ĐoŶĐeŶtƌatioŶ of huŵiĐs ǁas ĐoŶǀeƌted 
fƌoŵ the µg L-ϭ sĐale to the ŶaŶoŵolaƌ sĐale usiŶg a ǀalue of ϯϬ.ϲ ŶaŶoŵole/ŵg foƌ the ƌatio 
at ǁhiĐh iƌoŶ is ďouŶd ďǇ “‘HA aŶd ƌiǀeƌiŶe aŶd estuaƌiŶe huŵiĐs ;Aďualhaija aŶd ǀaŶ deŶ 
Beƌg, ϮϬϭϰͿ.  
 
5.3.3. DeteƌŵiŶatioŶ of the total dissolǀed iƌoŶ ĐoŶĐeŶtƌatioŶs 
The ĐoŶĐeŶtƌatioŶ of dissolǀed iƌoŶ ǁas deteƌŵiŶed iŶ saŵples that had ďeeŶ stoƌed 
fƌozeŶ aŶd suďseƋueŶtlǇ defƌosted. AliƋuots of ϯϬ ŵL ǁeƌe aĐidified to pH Ϯ aŶd left 
oǀeƌŶight iŶ the pƌeseŶĐe of ϱ µM “A. TheŶ ϭϬ ŵL of the aĐidified saŵple aliƋuot ǁas plaĐed 
iŶ the ǀoltaŵŵetƌiĐ Đell, the pH ǁas Ŷeutƌalized ǁith aŵŵoŶia, aŶd ϭϬ ŵM of the ďoƌate 
ďuffeƌ ǁas added. VoltaŵŵetƌiĐ paƌaŵeteƌs ǁeƌe a depositioŶ tiŵe of ďetǁeeŶ ϲϬ aŶd ϭϮϬ 
s at Ϭ V, folloǁed ďǇ the sĐaŶ to -ϭ V ;Aďualhaija aŶd ǀaŶ deŶ Beƌg, ϮϬϭϰͿ.  
 
5.3.4. Saŵple ĐoŶtaiŶeƌs aŶd aŶalǇtiĐal appaƌatus 
AŶalǇtiĐal eƋuipŵeŶt ĐoŶsisted of a µAutolaď-III poteŶtiostat ;EĐoĐheŵie, 
NetheƌlaŶdsͿ, a haŶgiŶg ŵeƌĐuƌǇ dƌop eleĐtƌode ;Metƌohŵ VAϲϲϯͿ, a douďle juŶĐtioŶ 
Ag/AgCl ƌefeƌeŶĐe eleĐtƌode ǁith a salt ďƌidge ĐoŶtaiŶiŶg ϯ M KCl, aŶd a glassǇ ĐaƌďoŶ 




ĐoŶĐeŶtƌatioŶ of dissolǀed oǆǇgeŶ ǁas ĐoŶstaŶt duƌiŶg the ŵeasuƌeŵeŶts.  
 
5.3.5. SaŵpliŶg aƌea aŶd saŵple stoƌage 
“helf seaǁateƌ saŵples fƌoŵ the CeltiĐ sea ǁeƌe ĐolleĐted oŶ ďoaƌd the ‘““ DisĐoǀeƌǇ 
as paƌt of the shelf sea ďiogeoĐheŵistƌǇ pƌogƌaŵ iŶ Apƌil ϮϬϭϰ, ǁheƌeas depth pƌofile oĐeaŶ 
saŵples ǁeƌe ĐolleĐted fƌoŵ statioŶ ϰ ;LoŶg: -ϰϯ.ϱϲϯϭϰϭ, Lat: ϱϱ.ϳϮϲϵϬϱͿ iŶ the ǁesteƌŶ 
Noƌth AtlaŶtiĐ duƌiŶg the GEOT‘ACE“ Đƌuise ϲϰPEϯϱϴ ;‘V PelagiaͿ iŶ August ϮϬϭϮ. “helf 
suƌfaĐe saŵples ;ϭϲ uŶdeƌǁaǇ saŵples: Fig. ϱ.ϭ“Ϳ ǁeƌe ĐolleĐted usiŶg a toǁed ͚fish͛ at ~ Ϯ-ϯ 
ŵ aŶd puŵped iŶto the ĐleaŶ laďoƌatoƌǇ usiŶg a TefloŶ diaphƌagŵ puŵp. IŶ additioŶ, thƌee 
shelf saŵples ǁeƌe ĐolleĐted usiŶg tƌaĐe ŵetal OTE ďottles deploǇed oŶ a Ti-CTD fƌaŵe fƌoŵ 
sites iŶdiĐated as CTDϮϬϮ ;oŶe saŵple at ϵϬ ŵ depthͿ aŶd CTDϳϴ ;saŵples at ϭϲϭ aŶd ϭϵϱ 
ŵͿ ;Fig. ϱ.ϭ“Ϳ. OĐeaŶ saŵples ǁeƌe ĐolleĐted usiŶg Ϯϰ ultƌa tƌaĐe-ŵetal ĐleaŶ PVDF saŵpleƌs 
of Ϯϳ L ŵouŶted oŶ aŶ all titaŶiuŵ fƌaŵe aŶd deploǇed iŶ deep oĐeaŶ ǁateƌs ǁith a Keǀlaƌ 
hǇdƌoǁiƌe. All shelf aŶd oĐeaŶ saŵples ǁeƌe filteƌed iŶ-liŶe usiŶg a Ϭ.Ϯ µŵ Đaƌtƌidge filteƌ 
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Figuƌe ϱ.ϭS. Map of saŵple loĐatioŶs. TƌaŶseĐt ;Uϭ to UϯϬͿ aŶd CTD ;ϮϬϮ aŶdϳϴͿ saŵples 































Figuƌe ϱ.ϮS. AͿ Fe ĐoŶĐeŶtƌatioŶ ;ŶMͿ as fuŶĐtioŶ of Fe- ďiŶdiŶg ligaŶds ĐoŶĐeŶtƌatioŶ ;ŶMͿ  
iŶ shelf saŵples. BͿ Fe ĐoŶĐeŶtƌatioŶ ;ŶMͿ ǀeƌsus Fe- ďiŶdiŶg ligaŶds ĐoŶĐeŶtƌatioŶ ;ŶMͿ iŶ 
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Figuƌe ϱ.ϯS. Eǆaŵples of ĐoŵpleǆiŶg ligaŶd titƌatioŶ. A,CͿ Peak height as fuŶĐtioŶ of the 















































































































Taďle ϱ.ϭS. “helf data: HuŵiĐ suďstaŶĐe ĐoŶĐeŶtƌatioŶs ;H“Ϳ ǁeƌe ĐoŶǀeƌted fƌoŵ the µg/l 
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6. GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES 
 
6.1. GeŶeƌal ĐoŶĐlusioŶs 
1. EǆpeƌiŵeŶts shoǁed that the C“V seŶsitiǀitǇ is ŵuĐh iŵpƌoǀed iŶ the pƌeseŶĐe of 
dissolǀed oǆǇgeŶ ;DOͿ thƌough a ĐatalǇtiĐ effeĐt ;FeII aĐts as ĐatalǇst foƌ the ƌeduĐtioŶ of 
DOͿ. Fuƌtheƌŵoƌe, the optiŵuŵ seŶsitiǀitǇ ǁas oďtaiŶed at ϱ µM “A ;~ϱ ǆ less thaŶ the 
pƌe-eǆistiŶg ŵethodͿ. IŶteƌpƌetatioŶ of the eǆpeƌiŵeŶts shoǁed that the Đoŵpleǆ 
ƌespoŶsiďle foƌ adsoƌptioŶ oŶ the ŵeƌĐuƌǇ dƌop eleĐtƌode is Fe“A, ǁheƌeas the Fe“AϮ 
speĐies does Ŷot adsoƌď. This is iŵpoƌtaŶt ďeĐause it ŵeaŶs that usiŶg a ĐoŶĐeŶtƌatioŶ of 
Ϯϱ – ϯϬ µM “A ;as adǀoĐated iŶ pƌeǀious ǁoƌkͿ Đauses a gƌeatlǇ ƌeduĐed seŶsitiǀitǇ.  
 
2. The kiŶetiĐ deteƌŵiŶatioŶ of the dissoĐiatioŶ ƌate of Fe Đoŵpleǆ ǁith the Ŷatuƌal ligaŶds 
shoǁed that the dissoĐiatioŶ ƌate has a half-life of ϵ ŵiŶ, ǁhiĐh ŵeaŶs that a ƌeaĐtioŶ 
tiŵe of > ϭ h is ƌeƋuiƌed afteƌ the additioŶ of “A to ďe Đlose to eƋuiliďƌiuŵ. This is ŵuĐh 
loŶgeƌ thaŶ the eƋuiliďƌiuŵ tiŵe of ϭϱ-ϯϬ ŵiŶ suggested ďǇ pƌeǀious ǁoƌk. 
 
3. CaliďƌatioŶ of the staďilitǇ ĐoŶstaŶts ;log K͛Fe͛“A aŶd log B͛Fe͛“AϮͿ shoǁed a ǀeƌǇ good 
agƌeeŵeŶt ǁith aŶd ǁithout EDTA. The siŵilaƌitǇ of these ĐoŶstaŶts iŶdiĐates that the 
ĐoŵpleǆatioŶ of Fe ǁith hǇdƌoǆide aŶd EDTA is ǁell uŶdeƌstood. 
 
4. The pH optiŵizatioŶ eǆpeƌiŵeŶts of the C“V ŵethod usiŶg “A shoǁed that the seŶsitiǀitǇ 
deĐƌeases ǁith deĐƌeasiŶg pH. This hiŶdeƌs the use of the “A ŵethod at loǁeƌ pH aŶd 
Đould ďe a ƌeasoŶ foƌ usiŶg a diffeƌeŶt Đoŵpetitiǀe ligaŶd.  
 
5. Based oŶ the ĐoŵpetitioŶ eǆpeƌiŵeŶts ďetǁeeŶ Đoppeƌ aŶd iƌoŶ foƌ Ŷatuƌal ligaŶds 
;ǁhiĐh ǁas ideŶtified as huŵiĐ suďstaŶĐeͿ, it ĐaŶ ďe ĐoŶĐluded that Đoppeƌ Đoŵpetes 





6. The ĐoŵpetitioŶ effeĐt ǁas oĐĐuƌƌiŶg alƌeadǇ at loǁ Đoppeƌ additioŶs suggestiŶg that the 
ĐoŵpetitioŶ ƌeaĐtioŶs ďetǁeeŶ Fe aŶd Cu should ďe takeŶ iŶto aĐĐouŶt iŶ the studǇ of the 
ďioaǀailaďilitǇ of ďoth ŵetals to ŵaƌiŶe ŵiĐƌooƌgaŶisŵs. 
 
7. The MAW eǆpeƌiŵeŶts shoǁed that all saŵples fƌoŵ the MeƌseǇ estuaƌǇ aŶd Liǀeƌpool 
ďaǇ ĐoŶtaiŶed oŶlǇ oŶe ligaŶd iŶ spite of the laƌge aŵouŶt of oƌgaŶiĐ ŵatteƌ.  
 
 
8. The siŵilaƌitǇ of the ĐoŶĐeŶtƌatioŶ of iƌoŶ ďiŶdiŶg huŵiĐ suďstaŶĐes aŶd ĐoŵpleǆiŶg 
ligaŶds iŶ saŵples fƌoŵ estuaƌiŶe, Đoastal, shelf aŶd oĐeaŶ ǁateƌs, ĐoŵďiŶed ǁith the 
siŵilaƌitǇ of the Đoŵpleǆ staďilitǇ, aŶd the eǀideŶĐe that oŶlǇ oŶe ligaŶd is pƌeseŶt, 




6.2. PeƌspeĐtiǀes ƌesultiŶg fƌoŵ this ǁoƌk  
The Ŷeǁ ĐoŶditioŶs foƌ the ĐheŵiĐal speĐiatioŶ of iƌoŶ usiŶg the “A ŵethod that aƌe 
ƌeĐoŵŵeŶded iŶ the pƌeseŶt studǇ ;aiƌ-ďlaŶketiŶg aŶd if ŶeĐessaƌǇ aiƌ-puƌgiŶg if saŵples aƌe 
Ŷot alƌeadǇ iŶ eƋuiliďƌiuŵ ǁith aiƌ, a loǁeƌ ĐoŶĐeŶtƌatioŶ of “A thaŶ pƌe-eǆistiŶg ŵethod 
;BuĐk et al., ϮϬϬϳ; ‘ue aŶd BƌulaŶd, ϭϵϵϱͿͿ, giǀe ďetteƌ seŶsitiǀitǇ, aŶd staďle ĐoŶditioŶs also 
ǁheŶ saŵples deƌiǀe fƌoŵ aŶoǆiĐ ǁateƌs aŶd ŵuĐh faĐilitates the speĐiatioŶ pƌoĐeduƌe aŶd 
the ŵethod to deteƌŵiŶe dissolǀed Fe. This Đould solǀe the pƌoďleŵ of deĐƌeasiŶg Fe“A 
ƌespoŶse fouŶd iŶ soŵe pƌeǀious ǁoƌk ;BuĐk et al., ϮϬϬϳ; ‘ue aŶd BƌulaŶd, ϭϵϵϱͿ.  
The eƋuiliďƌatioŶ tiŵe ;tǇpiĐallǇ oǀeƌŶightͿ ďetǁeeŶ “A aŶd Fe Đoŵpleǆed ǁith L 
suggested ďǇ the pƌeseŶt studǇ is esseŶtial to aǀoid possiďle uŶdeƌestiŵatioŶ of the Fe that 
is ďouŶd ďǇ the added “A aŶd oǀeƌestiŵatioŶ of the Đoŵpleǆ staďilitǇ of FeL, aŶd thus 
iŶĐoƌƌeĐt data fittiŶg: a too shoƌt eƋuiliďƌatioŶ tiŵe ǁas used iŶ soŵe pƌeǀious aŶd ƌeĐeŶt 
ǁoƌk ;BuĐk et al., ϮϬϬϳ; BuĐk et al., ϮϬϭϱ; BuŶdǇ et al., ϮϬϭϱ; BuŶdǇ et al., ϮϬϭϰ; ‘ue aŶd 




data tƌeatŵeŶt, iŶĐoƌƌeĐtlǇ suggestiŶg the pƌeseŶĐe of ŵoƌe thaŶ oŶe ligaŶd.   
This kiŶetiĐ effeĐt also has iŵpliĐatioŶs foƌ field ǁoƌk iŶ that ŵeasuƌeŵeŶts haǀe to 
iŶĐlude aŵple eƋuiliďƌatioŶ tiŵe ;tǇpiĐallǇ oǀeƌŶight aŶd iŶ pƌeseŶĐe of “A aŶd added FeͿ 
ǁhiĐh ŵeaŶs that titƌatioŶs ĐaŶŶot ďe just eƋuiliďƌated ϭϱ ŵiŶutes afteƌ the “A additioŶ as 
doŶe iŶ soŵe ǁoƌk ĐuƌƌeŶtlǇ ;BuĐk et al., ϮϬϭϱͿ. This ǁill affeĐt the pƌoĐeduƌes used iŶ the 
field as it is sloǁeƌ so Ǉou ĐaŶŶot do so ŵaŶǇ titƌatioŶs aŶd Ǉou ĐaŶŶot do this autoŵatiĐallǇ 
;GeƌƌiŶga et al., ϮϬϭϰͿ. 
The Ŷeǁ Đaliďƌated ǀalues foƌ K͛Fe͛“A aŶd B͛Fe͛“AϮ oďtaiŶed oǀeƌ a laƌge ƌaŶge of saliŶitǇ 
ďetǁeeŶ ϰ aŶd ϯϱ giǀe a sigŶifiĐaŶtlǇ laƌgeƌ ǀalue foƌ the -ĐoeffiĐieŶt foƌ ĐoŵpleǆatioŶ of Fe 
ďǇ “A thaŶ the pƌeǀious ǀalues ĐalĐulated ďased oŶ B͛Fe͛“AϮ oŶlǇ ;BuĐk et al., ϮϬϬϳͿ. It is of 
iŵpoƌtaŶĐe to use the ĐoƌƌeĐt staďilitǇ ĐoŶstaŶts ǁheŶ the deteĐtioŶ ǁiŶdoǁ is ǀaƌied as the 
ƌatio of the Ŷeǁ aŶd old -ĐoeffiĐieŶts ǀaƌies ǁith the ĐoŶĐeŶtƌatioŶ of “A: the ƌatio ĐhaŶges 
fƌoŵ ϳ.ϯ to ϭ.ϲ ;“al ϯϱͿ, oƌ fƌoŵ ϭϭ.ϵ to ϵ.ϰ ;“al ϮͿ ǁheŶ [“A] is ƌaised fƌoŵ ϱ to ϯϬ µM. UsiŶg 
the old ĐoŶstaŶts Đould lead to a shift iŶ the deteĐted K͛Fe͛L ǁith the deteĐtioŶ ǁiŶdoǁ aŶd 
ŶoŶ-liŶeaƌitǇ of the data fittiŶg. AgaiŶ, this Đould lead to iŶĐoƌƌeĐt iŶteƌpƌetatioŶ of data iŶ 
teƌŵs of tǁo oƌ ŵoƌe ligaŶds ;BuŶdǇ et al., ϮϬϭϱ; BuŶdǇ et al., ϮϬϭϰͿ. 
“oŵe ǁoƌk has suggested the pƌeseŶĐe of ŵoƌe thaŶ oŶe ligaŶd. A ƋuiĐk suƌǀeǇ shoǁs 
that all this ǁoƌk used eitheƌ iŶĐoƌƌeĐt staďilitǇ ĐoŶstaŶts ;BuŶdǇ et al., ϮϬϭϰͿ, oŶlǇ a ǀeƌǇ 
shoƌt eƋuiliďƌatioŶ tiŵe ;BuĐk et al., ϮϬϬϳ; BuŶdǇ et al., ϮϬϭϰͿ, oƌ ďoth. These faĐtoƌs ĐaŶ ďe 
the ƌeasoŶ foƌ iŶĐoƌƌeĐtlǇ fiŶdiŶg tǁo oƌ ŵoƌe ligaŶds. 
Natuƌal oƌgaŶiĐ ligaŶds iŶ seaǁateƌ haǀe ďeeŶ hǇpothesized as ĐoŶsistiŶg of seǀeƌal 
ĐoŵpouŶds ;ligaŶd soupͿ ;HuŶteƌ aŶd BoǇd, ϮϬϬϳͿ, aŶd ŵoƌe thaŶ oŶe ligaŶd has ďeeŶ 
fouŶd usiŶg C“V ;BuĐk aŶd BƌulaŶd, ϮϬϬϳ; BuĐk et al., ϮϬϭϱ; BuŶdǇ et al., ϮϬϭϱ; BuŶdǇ et al., 
ϮϬϭϰ; CulleŶ et al., ϮϬϬϲ; ‘ue aŶd BƌulaŶd, ϭϵϵϱͿ. The distiŶĐtioŶ ďetǁeeŶ these Đlasses 
depeŶded oŶ the deteĐtioŶ ǁiŶdoǁ ;ďiŶdiŶg stƌeŶgth of the added ĐoŵpetiŶg ligaŶdͿ aŶd 
the ŵethod of ŵeasuƌeŵeŶt, aŶd it is diffiĐult to distiŶĐt ďetǁeeŶ these Đlasses if theƌe is 
oǀeƌlappiŶg iŶ theiƌ Đoŵpleǆ staďilitǇ ;log K'Fe͛LͿ. Theƌe is a Ŷeed foƌ Ŷeǁ ĐoŵpleǆatioŶ 
titƌatioŶ eǆpeƌiŵeŶts to ďe doŶe at ǀeƌǇ loǁ Fe ĐoŶĐeŶtƌatioŶ usiŶg loŶgeƌ depositioŶ tiŵe 




dƌop eleĐtƌodeͿ to ĐoŶfiƌŵ ǁhetheƌ a seĐoŶd ligaŶd Đould ďe pƌeseŶt, this ŵaǇ Ŷeed to use a 
higheƌ deteĐtioŶ ǁiŶdoǁ takiŶg iŶto aĐĐouŶt the loǁeƌ seŶsitiǀitǇ usiŶg the iŵpƌoǀed “A 
ŵethod at higheƌ ĐoŶĐeŶtƌatioŶ of “A. 
The ideŶtifiĐatioŶ of the Fe-ďiŶdiŶg ligaŶds as huŵiĐ suďstaŶĐes ĐhalleŶges the 
paƌadigŵ that iƌoŶ-ďiŶdiŶg ligaŶds laƌgelǇ oƌigiŶate fƌoŵ iŶ-situ pƌoduĐtioŶ ďǇ 
ŵiĐƌooƌgaŶisŵs. Hoǁeǀeƌ, it is Ŷot kŶoǁŶ fƌoŵ ǁheƌe the H“ oƌigiŶate. TheǇ Đould ďe fƌoŵ 
ŵiĐƌoďial ďƌeakdoǁŶ oƌ fƌoŵ laŶd. “o theƌe Đould still ďe a ŵaƌiŶe souƌĐe as ǁell as a 
teƌƌestƌial souƌĐe. It has to ďe fuƌtheƌ iŶǀestigated if any other ligand (like EPS) could give a 
humic like response and therefore contribute to the pool of Fe-binding ligands. 
Coppeƌ additioŶs to Fe Đoŵpleǆed ǁith Ŷatuƌal ligaŶds deŵoŶstƌated ĐoŵpetitioŶ 
ďetǁeeŶ Cu aŶd Fe foƌ Ŷatuƌal ligaŶds, ǁheŶ added Đoppeƌ outĐoŵpeted iƌoŶ aŶd displaĐed 
it fƌoŵ FeL aŶd theƌefoƌe iŶĐƌeased Fe͛ ;Aďualhaija et al., ϮϬϭϱͿ. CoŶseƋueŶtlǇ ĐoŵpetitioŶ 
ďǇ Cu ĐaŶ ďe eǆpeĐted to affeĐt the aǀailaďilitǇ of Fe to ŵiĐƌooƌgaŶisŵs iŶ seaǁateƌ. IƌoŶ ;FeͿ 
aŶd Đoppeƌ ;CuͿ aƌe kŶoǁŶ to oĐĐuƌ Đoŵpleǆed ǁith oƌgaŶiĐ ŵatteƌ aŶd this ĐoŵpleǆatioŶ 
foƌ ďoth ŵetals affeĐts theiƌ geoĐheŵistƌǇ aŶd ďioaǀailaďilitǇ. Both ŵetals aƌe esseŶtial 
ŵetals foƌ ŵiĐƌooƌgaŶisŵ aŶd iŶteƌaĐtioŶ ďetǁeeŶ theŵ is Ƌuite possiďle aŶd ĐaŶ ďe 
eǆpeĐted to affeĐt theiƌ ďioaǀailaďilitǇ aŶd ĐoŵpleǆatioŶ ǁith oƌgaŶiĐ ŵatteƌ. It has ďeeŶ 
shoǁŶ that the uptake ƌate of oƌgaŶiĐallǇ ďouŶd iƌoŶ ďǇ phǇtoplaŶktoŶ is depeŶdeŶt oŶ 
Đoppeƌ aǀailaďilitǇ ;MaldoŶado., et al., ϮϬϬϲͿ ǁheƌe the Fe ;IIͿ pƌoduĐed ďǇ ƌeduĐtases is ƌe-
oǆidized ďǇ a Đoppeƌ ĐoŶtaiŶiŶg feƌƌoǆidase duƌiŶg the Fe tƌaŶspoƌt to the Đell ŵeŵďƌaŶe 
;MaldoŶado., et al., ϮϬϬϲͿ. Fuƌtheƌ ǁoƌk is ƌeƋuiƌed to ĐoŶfiƌŵ ǁhetheƌ the ƌelatioŶship 
ďetǁeeŶ Cu aŶd Fe plaǇs a ƌole iŶ opeŶ sea ĐoŶditioŶs, aŶd ǁhetheƌ otheƌ ŵetals ĐaŶ 
Đoŵpete ǁith Fe foƌ Ŷatuƌal ligaŶds.  
A ŵajoƌ fiŶdiŶg of the ƌe-ĐaliďƌatioŶ of the staďilitǇ ĐoŶstaŶts foƌ ĐoŵpleǆatioŶ of “A 
ǁith Fe is that oŶlǇ the Fe“A adsoƌďs, ǁheƌeas Fe“AϮ does Ŷot adsoƌď. Maǆiŵuŵ seŶsitiǀitǇ 
is oďtaiŶed at ϱ µM “A aŶd it dƌops ƌapidlǇ ǁith iŶĐƌeasiŶg [“A].  This affeĐts the ŵethod of 
ŵultiple deteĐtioŶ ǁiŶdoǁs ;MAWͿ iŶ ǁhiĐh the ĐoŶĐeŶtƌatioŶ of “A is ƌaised to ďe aďle to 
outĐoŵpete Ŷatuƌal ligaŶds as doŶe foƌ Đoppeƌ. The MAW ŵethod does Ŷot ǁoƌk ǁell foƌ 
iƌoŶ ďeĐause of the deĐƌeasiŶg seŶsitiǀitǇ at high [“A]. A Đaƌeful studǇ of iƌoŶ speĐiatioŶ iŶ 




ǁas oŶlǇ oŶe ligaŶd foƌ Fe ;H“Ϳ iŶ estuaƌiŶe ǁateƌs, though it ĐaŶŶot ďe eǆĐluded that the 
situatioŶ is diffeƌeŶt iŶ otheƌ estuaƌies. 
AŶotheƌ ŵajoƌ fiŶdiŶg ǁas that the seŶsitiǀitǇ of the “A ŵethod deĐƌeases ǁith a slight 
deĐƌease iŶ pH. This ŵeaŶs that it is diffiĐult to iŵpossiďle to use the ŵethod to studǇ Fe 
speĐiatioŶ at loǁeƌ pH aŶd it ŵaǇ ďe ŶeĐessaƌǇ to deǀelop a pƌoĐeduƌe usiŶg a diffeƌeŶt 
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